Introduction {#s1}
============

Evolutionary conserved selective and non-selective protein degradation pathways are essential for cell growth and survival. The [u]{.ul}biquitin-[p]{.ul}roteasome [s]{.ul}ystem (UPS) mediates selective poly-ubiquitination of cytoplasmic proteins and their degradation at 26S proteasomes for regulatory and quality control functions. Mis-folded proteins in the [e]{.ul}ndoplasmic [r]{.ul}eticulum (ER) are also ubiquitinated, extracted by the [ER]{.ul}-[a]{.ul}ssociated protein [d]{.ul}egradation system (ERAD) and degraded at 26S proteasomes in the cytoplasm ([@bib73]).

Macro-autophagy (hereafter autophagy) non-selectively transports bulk cytoplasm into lysosomes. Therefore the induction of autophagy is tightly controlled: under normal growth conditions autophagy operates on a basal level because it is suppressed by signaling from the target of rapamycin complex 1 (TORC1) ([@bib25]; [@bib38]; [@bib81]). In response to cellular stress, such as nutrient depletion (e.g., of amino acids), TORC1 is inactivated ([@bib38]) and autophagy is strongly induced. Deregulation of autophagic processes is implicated in metabolic and infectious diseases as well as in cancer or neurodegeneration ([@bib56]). Once induced, the autophagic machinery begins to sequester cytoplasmic components, ribosomes and organelles within a large double-membrane compartment termed the autophagosome ([@bib79]; [@bib32]; [@bib44]). In addition, some core components of the autophagic machinery such as LC3/Atg8 are transcriptionally induced ([@bib27]). Direct fusion of autophagosomes with lysosomes delivers autophagic bodies and the sequestered cargo into the lysosomal lumen. Alternatively, autophagosomes can first fuse with multivesicular bodies (MVBs) to form so-called amphisomes, before they fuse with lysosomes ([@bib63]). Finally, the breakdown of autophagic bodies and the efficient degradation of autophagic cargo inside lysosomes is required to recycle amino acids, nucleotides, carbohydrates and lipids back to the cytoplasm. The recycling of these key metabolic building blocks protects cells from their fatal depletion and thus maintains cellular homeostasis to survive nutrient limitation ([@bib49]; [@bib72]; [@bib23]; [@bib69]). Therefore evolutionary conserved starvation programs in mammalian cells and yeast expand and strengthen this intracellular recycling system by enhancing the de novo synthesis of vacuolar/lysosomal hydrolases ([@bib18]; [@bib60]; [@bib64]; [@bib65]).

In addition to autophagy, TORC1 also regulates ubiquitin-mediated endocytosis of integral plasma membrane proteins. On the one hand, TORC1 signaling was required to promote the endocytosis of certain plasma membrane proteins ([@bib39]). On the other hand, inactivation of TORC1 either by rapamycin or starvation, triggered the endocytosis of other plasma membrane proteins that were subsequently degraded in an ESCRT ([e]{.ul}ndosomal [s]{.ul}orting [c]{.ul}omplex [r]{.ul}equired for [t]{.ul}ransport)-dependent manner via the MVB pathway ([@bib62]; [@bib23]; [@bib34]). The extent to which starvation induces plasma membrane remodeling has yet to be determined. Furthermore, how the subsequent ubiquitin-dependent degradation of membrane proteins via the MVB pathway helps to meet the specific metabolic and energetic demands of cells during nutrient limitation is not fully understood. Therefore it is also not clear how selective (MVB) and non-selective (autophagy) lysosomal proteolysis pathways cooperate to mediate cell survival during nutrient limitation.

To comprehensively address these questions we have used quantitative proteomics. Our results demonstrate that within the first 3 hr of amino acid starvation many integral plasma membrane proteins, including high-affinity amino acid permeases, glucose transporters and G-protein coupled receptors, were selectively removed from the cell surface by endocytosis and subsequently targeted into vacuoles via the ESCRT-dependent MVB pathway and degraded, while others remained stable or were up-regulated (e.g., the general amino acid permease, Gap1). This comprehensive and selective remodeling of the plasma membrane appeared to be completed within 3--4 hr of starvation. Autophagy was also immediately activated upon starvation and remained active throughout starvation. Surprisingly, early during starvation the selective degradation of membrane proteins via the MVB pathway was mainly responsible to maintain critical levels of free intracellular amino acids that were sufficient to uphold protein synthesis and promote the corresponding adaptation of the proteome. Most notably this included the de novo synthesis of vacuolar hydrolases, which boosted the proteolytic activity of vacuoles to support the efficient degradation of autophagic cargo. The continuous delivery and degradation of autophagic cargo further enhanced intracellular amino acid recycling and was ultimately essential to restore intracellular amino acid pools of cells during extended starvation. These findings reveal an unexpected role for the MVB pathway in maintaining intracellular amino acid homeostasis and thereby promoting the up-regulation of vacuolar hydrolases early during starvation, which is tightly coordinated with autophagy. This catabolic cascade is ultimately required to allow starving cells to complete their cell division cycle and enter a quiescent state for survival.

Results {#s2}
=======

Starvation induces selective and non-selective protein degradation pathways {#s2-1}
---------------------------------------------------------------------------

To understand how the MVB pathway, autophagy and proteasomal degradation cooperate during nutrient limitation, we first analyzed the starvation-induced degradation of model proteins in yeast.

To assess selective membrane protein degradation via the MVB pathway, we followed the ubiquitin-dependent endocytosis of the plasma membrane methionine permease, Mup1-GFP and its transport into the vacuole in response to starvation (for amino acids and nitrogen sources) ([@bib7]; [@bib42]; [@bib23]). Under rich growth conditions Mup1-GFP is mainly found at the plasma membrane and very little is degraded ([Figure 1A,B](#fig1){ref-type="fig"}). Yet, within 3 hr after the onset of starvation the majority of Mup1-GFP was removed from the cell surface, delivered into vacuoles and degraded ([Figure 1A,B](#fig1){ref-type="fig"}). The proteolytic degradation of Mup1-GFP inside vacuoles released free GFP, which remained stable and was monitored by western blotting ([Figure 1A](#fig1){ref-type="fig"}). The starvation-induced delivery of Mup1-GFP into the vacuole was dependent on the ESCRT machinery but was not affected in an autophagy (*atg8∆*) mutant ([Figure 1B](#fig1){ref-type="fig"}). In an ESCRT (*vps4∆*) mutant, the MVB pathway was blocked and Mup1-GFP was not delivered into the vacuole but instead accumulated on the class E compartment and at the plasma membrane ([Figure 1B](#fig1){ref-type="fig"}).10.7554/eLife.07736.003Figure 1.Starvation induces selective and non-selective protein degradation pathways.(**A**) WT cells expressing Mup1-GFP, Rpl25-GFP, Rps2-GFP or GFP-Atg8 were grown in rich medium (0 hr) or starved as indicated. Cell lysates were analyzed by SDS-PAGE and western blot (WB) using the indicated antibodies. \*residual anti-GFP signal after re-probing the membrane with anti-Pgk1 antibody. (**B**) Fluorescence microscopy of Mup1-GFP in WT cells, *vps4∆* mutants and *atg8∆* mutants growing under rich or starvation conditions. (V)acuoles, (P)lasma (M)embrane and class (E) compartments. Scale bar = 5 µm. (**C**, **D**) Whole cell lysates of WT cells or the indicated mutants grown under rich conditions or starved for the indicated times were separated by SDS-PAGE and analyzed by western blot using the indicated antibodies. (**C**) *pdr5∆* cells were treated with the proteasome inhibitor MG132 (50 µM) or vehicle (DMSO) during starvation.**DOI:** [http://dx.doi.org/10.7554/eLife.07736.003](10.7554/eLife.07736.003)10.7554/eLife.07736.004Figure 1---figure supplement 1.Induction of autophagy.(**A**) SDS-PAGE and western blot analysis of WT cells grown under rich conditions or starved using the indicated antibodies. (**B**) Vacuolar hydrolase-deficient cells (*pep4∆*, *prb1∆*, *prc1∆)* analyzed as in (**A**). (**C**) Pho8∆60-specific alkaline phosphatase activity was measured in WT, and *atg8∆* cells under rich conditions and after starvation (n = 6, mean ± SD). WT Pho8∆60 activity after 20 hr of starvation was set to 100%.**DOI:** [http://dx.doi.org/10.7554/eLife.07736.004](10.7554/eLife.07736.004)

To define the timing of starvation-induced degradation of Mup1-GFP in the context of eukaryotic starvation programs, we compared it to the delivery of bulk cytoplasm via autophagy. Therefore we determined the degradation of highly abundant selective (ribosomes) and non-selective (Fba1) autophagic cargoes. Growing yeast cells contain about 200,000 ribosomes that occupy up to 30--40% of the cytoplasmic volume ([@bib76]). Upon starvation, otherwise stable ribosomes are among the first autophagic cargoes and rapidly degraded by selective (ribophagy) and non-selective autophagy ([@bib31]; [@bib50]). We monitored the release of free GFP from two different ribosomal proteins by western blotting: Rpl25-GFP (large subunit) and Rps2-GFP (small subunit). Both are fully functional GFP fusion proteins that incorporate into ribosomes ([@bib31]). When equal amounts of cell lysates were subjected to western-blot analysis, the protein levels of full length Mup1-GFP and the GFP-tagged ribosomal subunits were comparable ([Figure 1A](#fig1){ref-type="fig"}, lanes 6, 16). After 3 hr, at a time when the majority of full length Mup1-GFP was already degraded, free GFP from Rpl25 was first detected, showing that autophagy was also delivering cytoplasmic contents into the vacuole ([Figure 1A](#fig1){ref-type="fig"}, lane 8). During subsequent starvation the protein levels of free GFP from both ribosomal subunits increased. Monitoring the autophagy-dependent degradation of Fba1-GFP, one of the most abundant cytoplasmic proteins with approximately 1.000.000 molecules/cell ([@bib19]), yielded similar results. Free GFP was first detected after 3 hr of starvation and the protein levels free GFP strongly increased during subsequent starvation ([Figure 1---figure supplement 1A](#fig1s1){ref-type="fig"}). To determine the earliest possible starvation-induced autophagic activity, we monitored the transport and degradation of fully functional GFP-Atg8. Atg8 is a core component of the autophagic machinery that remains conjugated to the inner membrane of all selective and non-selective autophagosomes, including [c]{.ul}ytoplasm to [v]{.ul}acuole [t]{.ul}argeting (cvt)-vesicles. Therefore Atg8 is degraded together with autophagic cargo inside vacuoles. To be able to compare the degradation of GFP-Atg8 to Mup1-GFP, 10 times more lysate of cells expressing GFP-Atg8 was subjected to western blot analysis ([Figure 1A](#fig1){ref-type="fig"}). Small amounts of free GFP released from GFP-Atg8 inside vacuoles could be readily detected by western blot analysis 1 hr after the onset of starvation and the levels of free GFP strongly increased at 3 hr of starvation ([Figure 1A](#fig1){ref-type="fig"}, lane 27--30). These findings are consistent with the strong increase of endogenous Atg8 levels during starvation ([Figure 1---figure supplement 1B](#fig1s1){ref-type="fig"}) as observed earlier ([@bib27]). Previous work also demonstrated that Atg8 protein levels control the size of autophagosomes but not the frequency (about 9 autophagosomes/hour) by which they are formed ([@bib1]; [@bib77]). Hence, the increase in Atg8 protein levels during the first 4 hr of starvation would result in the formation of bigger (but not more) autophagosomes that could capture larger volumes of cytoplasm later during starvation. Our results for the early degradation of GFP-Atg8 and the continuous increase in autophagic degradation of highly abundant selective as well as non-selective cargoes throughout starvation are fully consistent with this model. This idea was further supported using the Pho8*∆*60 assay, a sensitive method to measure bulk autophagy ([@bib48]). Pho8*∆*60 activity was low under rich conditions, began to increase during the first 3 hr of starvation and continuously increased during extended periods of starvation ([Figure 1---figure supplement 1C](#fig1s1){ref-type="fig"}). These results show that autophagy is immediately activated upon starvation and delivers increasing volumes of cytoplasmic material into the vacuole with ongoing starvation ([Figure 1](#fig1){ref-type="fig"}).

Additionally, we investigated how cytoplasmic proteins were degraded at proteasomes upon starvation. Therefore, we employed a ubiquitin-GFP (Ub-GFP) fusion protein, which is an established reporter for proteasomal activity ([@bib22]; [@bib72]). It is detected at low levels in proliferating cells reflecting the equilibrium between its rapid degradation and its synthesis. Upon starvation, Ub-GFP was rapidly degraded at 26S proteasomes. The degradation of the reporter was exclusively dependent on proteasomal degradation but did not require autophagy or the MVB pathway ([Figure 1C](#fig1){ref-type="fig"}, lanes 5--7; [Figure 1D](#fig1){ref-type="fig"}).

Overall, these findings indicate that starvation triggered protein degradation by different selective and non-selective degradation pathways: the constitutive protein degradation via the proteasome was active from the onset of starvation and was previously suggested to play a key role upon acute nutrient restriction ([@bib72]). Our results further suggest that both autophagy and starvation induced-endocytosis were simultaneously activated early during starvation. Autophagy continuously delivered ever-increasing volumes of cytoplasm into vacuoles, whereas the starvation-induced degradation of membrane proteins was completed within 3 hr. These findings suggest an important role for the MVB pathway early during starvation.

The MVB pathway and autophagy contribute differentially to maintain free amino acid levels and protein synthesis during starvation {#s2-2}
----------------------------------------------------------------------------------------------------------------------------------

While protein degradation at 26S proteasomes provides an immediate amino acid pool for protein synthesis already within minutes of acute starvation ([@bib72]) and autophagy is required to supply amino acids during extended periods of starvation ([@bib49]), the relative contribution of the MVB pathway to overall amino acid homeostasis was not clear.

Therefore we next measured the intracellular levels of 18 different amino acids in isogeneic WT cells, MVB (*vps4∆)* or autophagy (*atg8∆*) mutants as well as double mutants (*vps4∆, atg8∆*) by liquid chromatography ([@bib2]). These strains were auxotrophic for the amino acids lysine and leucine. When grown in synthetic medium supplemented with amino acids (rich), the intracellular free amino acid levels were comparable in WT cells and autophagy mutants (*atg8∆*) ([Figure 2A](#fig2){ref-type="fig"}), but slightly lower in *vps4∆* mutants, which was mainly due to reduced lysine and arginine levels ([Figure 2A,B](#fig2){ref-type="fig"}).10.7554/eLife.07736.005Figure 2.Changes in free amino acid levels and protein synthesis during starvation.(**A**) Cells were grown to mid-log phase (rich) and starved as indicated. Free amino acids were extracted and analyzed by liquid chromatography. Data are represented as the sum of free amino acids (mg) per gram of dry yeast. Mean ± SD, n ≥ 3. (**B**) Changes in individual amino acids from (**A**) normalized to maximal values. Mean ± SD, n ≥ 3. (**C**, **D**) Cells grown under the indicated conditions were incubated for 5 min with ^35^S-labeled Met and Cys. (**C**) ^35^S-incorporation was analyzed by SDS-PAGE and digital autoradiography. Coomassie staining shows equal protein loading. (**D**) Quantification of ^35^S-incorporation under rich conditions and after 1, 2 and 4 hr of starvation by liquid scintillation counting. Incorporation under rich conditions was set to 100%. Mean ± SEM, n = 3.**DOI:** [http://dx.doi.org/10.7554/eLife.07736.005](10.7554/eLife.07736.005)10.7554/eLife.07736.006Figure 2---figure supplement 1.Changes in free amino acids levels during starvation in prototrophic yeast.(**A**) Prototrophic cells were grown to mid-log phase (rich) and starved as indicated. Free amino acids were extracted and analyzed by liquid chromatography. Data are represented as the sum of free amino acids (mg) per gram of dry yeast. Mean ± SD, n = 3. (**B**) Changes in individual amino acids from (**A**) were normalized to maximal values. Mean ± SD, n = 3.**DOI:** [http://dx.doi.org/10.7554/eLife.07736.006](10.7554/eLife.07736.006)

1 hr after starvation in synthetic medium without amino acids and ammonium salts, the total free amino acid pool decreased to similar levels in WT cells and all mutant strains ([Figure 2A,B](#fig2){ref-type="fig"}). In WT cells the levels of most amino acids continued to decrease for another hour. Interestingly, at around 4 hr of starvation the overall levels of amino acids almost fully recovered, suggesting strong amino acid recycling. However, the levels of arginine and lysine, which were among the most abundant free amino acids, decreased further. The levels of glutamine, threonine and glycine did not recover very well, while the levels of other amino acids (particularly of glutamate) increased. The recovery of amino acid levels after 4 hr of starvation was strongly dependent on autophagy. These results are at large consistent with previous findings, where an approximately threefold reduction in intracellular amino acid levels was detected during the first 2 hr of starvation and autophagy was required for the partial recovery of amino acid levels from 3 to 6 hr of starvation ([@bib49]). In our strain background the levels of amino acids were generally lower under rich growth and we observed an approximately twofold reduction in intracellular amino acids during the first 2 hr of starvation. At 4 hr of starvation amino acid levels fully recovered in an autophagy dependent manner ([Figure 2A,B](#fig2){ref-type="fig"}).

In addition, our findings showed that the MVB pathway essentially contributed to maintain the overall levels of free intracellular amino acids. 1 hr after starvation, the amino acids levels decreased similar in *vps4∆* mutants, autophagy mutants (*atg8∆*) and WT cells. However, after 2 hr the overall amino acid levels were lower in *vps4∆* mutants compared to WT cells and autophagy mutants*.* The levels of 14 individual amino acids were lower in *vps4∆* mutants when compared to WT cells or autophagy mutants. Moreover the amino acid levels failed to recover during extended starvation ([Figure 2A](#fig2){ref-type="fig"}). From 2 hr onwards, the amino acid levels were always lowest in the double mutants (*vps4∆*, *atg8∆*) ([Figure 2A,B](#fig2){ref-type="fig"}).

To exclude effects contributed by amino acid auxotrophies, the same analysis was performed in a different genetic background with fully prototrophic WT cells and the respective *vps4∆* and *atg8∆* single mutants ([@bib45]). During the first 2 hr of starvation, the amino acid levels initially declined in the prototrophic WT cells, but not as strongly as in auxotrophic strains, and recovered at around 4 hr of starvation, which was dependent on autophagy ([Figure 2---figure supplement 1A,B](#fig2s1){ref-type="fig"}). In prototrophic *vps4∆* mutants, the levels of most amino acids (12) were lower after 2 hr of starvation when compared to WT cells or autophagy mutants (*atg8∆*), as observed in the auxotrophic strains ([Figure 2A,B](#fig2){ref-type="fig"}; [Figure 2---figure supplement 1A,B](#fig2s1){ref-type="fig"}).

These results showed that the MVB pathway was essential to maintain the levels of most free intracellular amino acids within the first 2 hr of starvation, while autophagy was essential to restore intracellular amino acids later during starvation.

Based on these results we next tested how the MVB pathway would contribute to uphold protein synthesis during starvation. Therefore we measured ^35^S-methionine/cysteine incorporation into newly synthesized proteins. Under rich conditions, ^35^S-label incorporation was comparable in WT cells, *atg8∆* and *vps4∆* single or double mutants ([Figure 2C,D](#fig2){ref-type="fig"}), although the methionine permease Mup1 was more abundant in ESCRT mutants. Already 1 hr after starvation, ^35^S-label incorporation was reduced to 40% in WT cells. During the next 3 hr of starvation, WT cells managed to maintain protein synthesis at this level ([Figure 2C](#fig2){ref-type="fig"}, lanes 1, 5, 9,13, [Figure 2D](#fig2){ref-type="fig"}). In the autophagy-deficient *atg8∆* mutant, ^35^S-label incorporation was initially similar to WT cells for up to 2 hr, but began to decline after 4 hr of starvation ([Figure 2C](#fig2){ref-type="fig"}, lanes 3, 7, 11, 15, [Figure 2D](#fig2){ref-type="fig"}), which is consistent with the key role of autophagy in amino acid recycling. In ESCRT mutants (*vps4∆*), protein synthesis declined faster when compared to WT cells or autophagy mutants, which seems consistent with the more rapid decline of intracellular amino acids ([Figure 2C](#fig2){ref-type="fig"}, lanes 2, 6, 10, 14, [Figure 2D](#fig2){ref-type="fig"}). *vps4∆*, *atg8∆* double mutants showed an additive effect, since even less ^35^S-label was incorporated upon starvation compared to the single deletion mutants ([Figure 2C,D](#fig2){ref-type="fig"}).

Taken together these findings suggest that (i) the MVB pathway is essential to maintain a critical pool of free amino acids for protein synthesis early during starvation. (ii) In the absence of the MVB pathway autophagy can only partially uphold amino acids levels and protein synthesis (iii) The MVB pathway and autophagy cooperate to maintain intracellular amino acids during starvation, potentially in a consecutive manner.

The ESCRT machinery is not required for the induction of autophagy, the formation of autophagosomes and the delivery of autophagosomes into the vacuole {#s2-3}
-------------------------------------------------------------------------------------------------------------------------------------------------------

Recent reports have shown an important role for the ESCRT machinery in higher eukaryotic cells in regulating autophagy at the stage of amphisomes fusing with lysosomes ([@bib46]; [@bib17]; [@bib35]; [@bib57]; [@bib43]; [@bib67]). Therefore we next carefully examined the role of the ESCRT machinery in distinct steps of autophagy in yeast. The induction of autophagy is tightly controlled by TORC1. Under nutrient rich growth conditions, TORC1 was active and its direct targets Sch9 and Atg13 were phosphorylated in WT cells, *vps4∆* and *atg8∆* mutants ([Figure 3A,B](#fig3){ref-type="fig"}, lane 1, 3, 5) ([@bib25]; [@bib71]). When autophagy and the MVB pathway were simultaneously disrupted (*vps4∆, atg8∆*), TORC1 signaling appeared to be reduced under rich growth conditions, but not completely switched off ([Figure 3A](#fig3){ref-type="fig"}, lane 7). Upon starvation TORC1 signaling was efficiently turned off and the autophagy core component Atg13 was dephosphorylated in all strains, which is a prerequisite for the induction of autophagy ([Figure 3B](#fig3){ref-type="fig"}) ([@bib25]).10.7554/eLife.07736.007Figure 3.Autophagy in ESCRT mutants.(**A**, **B**) SDS-PAGE and western blot analysis of total cell lysates from WT cells and *vps4∆*, *atg8∆* single and double mutants grown in rich medium (0 hr) or during starvation using the indicated antibodies. (**C**) Live-cell fluorescence microscopy of WT cells and *vps4∆* mutants expressing GFP-Atg8 (green) and mCherry-CPS (red) under rich conditions or 4 hr after starvation. (**D**) Pho8∆60-specific alkaline phosphatase activity was measured in WT, *vps4∆* and *atg8∆* cells under rich conditions and after 4 hr of starvation (n = 8, ±SD). WT Pho8*∆*60 activity under rich conditions was normalized to 100%. (**E**) Fluorescence microscopy of pHluorin-Atg8 (green) and mCherry-CPS (red) in WT cells and indicated mutants under rich conditions or after 4 hr of starvation. (**F**) Quantification of quenching of vacuolar pHluorin-Atg8 from **E**. (**C**, **E**) (V)acuoles and class (E) compartments. Scale bar = 5 µm.**DOI:** [http://dx.doi.org/10.7554/eLife.07736.007](10.7554/eLife.07736.007)

To assess the formation and the delivery of autophagosomes into vacuoles, we followed the transport of GFP-tagged Atg8 using live cell fluorescence microscopy. Upon starvation, GFP-Atg8 was efficiently transported into the lumen of vacuoles in WT cells and *vps4∆* mutants ([Figure 3C](#fig3){ref-type="fig"}), indicating that the autophagic machinery was fully operational and independent of the ESCRT machinery. This conclusion was further strengthened using the Pho8*∆*60 autophagy-reporter assay ([@bib48]). Pho8*∆*60 activity increased after 4 hr of starvation in WT and *vps4∆* mutants, but not in *atg8∆* cells ([Figure 3D](#fig3){ref-type="fig"}). Collectively, these results show that in yeast autophagosomes together with their cargo were delivered into the vacuoles of *vps4∆* mutants in response to starvation, which is consistent with earlier reports ([@bib54]).

Next, we analyzed autophagic processes further downstream and examined the lysis of autophagic bodies. This is a prerequisite for the subsequent proteolytic breakdown of autophagic cargo ([@bib70]; [@bib78]) and depends on vacuolar acidification, the catabolic activity of Pep4 and Prb1 and the lipase Atg15 ([@bib70a]; [@bib15a]). To determine the breakdown of autophagic bodies in living cells, we generated a functional pHluorin-Atg8 chimera. The fluorescence of pHluorin-Atg8 is detectable at cytosolic pH but not at the lower pH within the vacuole ([@bib52]). In WT cells the fluorescence of pHluorin-Atg8 was efficiently quenched in the lumen of vacuoles upon starvation (\>90% of cells, n = 157). In contrast, in mutants that are either deficient in vacuolar peptidases (*prb1∆*, *prc1∆*, *pep4∆*) or vacuolar acidification (*vma4∆*) pHluorin-Atg8 was not quenched (\<10% of cells, n = 198 and n = 40, respectively) and pHluorin-Atg8 positive vesicular structures were detected inside their vacuoles, suggesting that autophagic bodies were not efficiently lysed ([Figure 3E,F](#fig3){ref-type="fig"}). In the vast majority of *vps4∆* mutants (\>90% of cells, n = 121), the fluorescence of pHluorin-Atg8 was quenched in the vacuoles similar to WT cells, but occasionally few perivacuolar pHluorin-Atg8 positive structures were observed (\<17% of cells, n = 121). Overall, it seemed that autophagic bodies were efficiently lysed in acidified vacuoles of *vps4∆* mutants ([Figure 3E,F](#fig3){ref-type="fig"}).

These findings emphasize that in yeast the autophagic machinery, the fusion of autophagosomes with the vacuole per se and the lysis of autophagic bodies is not impaired in ESCRT mutants.

The MVB pathway is required for early proteome remodeling during starvation {#s2-4}
---------------------------------------------------------------------------

Next we determined in detail how the MVB pathway would contribute to the starvation program of yeast. Therefore we measured how the proteome of WT (*vps4∆* complemented with *VPS4*) cells changed within the first 3 hr of starvation using stable isotope labeling with amino acids in cell culture (SILAC) ([@bib12]). WT cells were grown under rich conditions with heavy ^13^C~6~^15^N~2~-lysine or light ^12^C~6~^14^N~2~-lysine, and light cells were subsequently starved for 3 hr. Equal cell numbers were mixed prior to lysis and mass spectrometry (MS) analysis ([Figure 4---figure supplement 1A](#fig4s1){ref-type="fig"}, upper panel). In total 2941 proteins were quantified (peptide count ≥ 2), comprising 58% of the characterized yeast ORFs ([Figure 4A](#fig4){ref-type="fig"}, [Figure 4---figure supplement 1A](#fig4s1){ref-type="fig"}, upper panel, [Supplementary file 1](#SD1-data){ref-type="supplementary-material"}). In this early phase of starvation, the yeast proteome already underwent extensive remodeling and 264 proteins significantly changed in abundance (MaxQuant significance *B*) ([@bib10]). 101 proteins were significantly down- and 163 proteins significantly up-regulated.10.7554/eLife.07736.008Figure 4.The MVB is required for starvation induced proteome remodeling.(**A**) Schematic presentation of proteome remodeling in WT cells during starvation. Starvation induced changes in protein levels were measured using SILAC based quantitative proteomics (see also [Figure 4---figure supplement 1A,B](#fig4s1){ref-type="fig"}, [Supplementary files 1, 2](#SD1-data SD2-data){ref-type="supplementary-material"}). The major changes in WT cells under starvation as indicated by Gene Ontology (GO) analysis of significantly changed proteins are shown. Green: up-regulated; red: down-regulated under starvation. (**B**) Correlation of changes in protein abundance in WT cells and *vps4∆* mutants during starvation (see also [Figure 4---figure supplement 1A](#fig4s1){ref-type="fig"}, [Supplementary file 3](#SD3-data){ref-type="supplementary-material"}). WT and *vps4∆* mutant protein ratios (log2 \[starved/rich\]) are plotted against each other. Green: significantly regulated in both datasets; blue: significantly regulated only in *vps4∆*; purple: significantly regulated only in WT. Grey: not significantly regulated. (**C**) Density plot showing log2-transformed protein ratio distributions in the three quantitative proteome datasets. The significant protein changes are excluded. Blue: WT (starved)/WT(rich); green: *vps4∆*(starved)/*vps4∆*(rich); red: *vps4∆*(rich)/WT(rich) (see also [Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}, [Supplementary file 4](#SD4-data){ref-type="supplementary-material"}). p-value according to Kolmogorov--Smirnov \<6 × 10^−16^ (**D**) The 135 significantly differentially regulated proteins during starvation between WT cells (black bars) and *vps4∆* mutants (white bars) (see also [Supplementary file 5](#SD5-data){ref-type="supplementary-material"}). (**E**) Enrichment of GO terms in 135 significantly differentially regulated proteins (from **D**). Data are represented as fold-enrichment over whole genome frequency (see also [Supplementary file 6](#SD6-data){ref-type="supplementary-material"}). \* significantly represented GO terms.**DOI:** [http://dx.doi.org/10.7554/eLife.07736.008](10.7554/eLife.07736.008)10.7554/eLife.07736.009Figure 4---figure supplement 1.Quantitative proteomics and GO analysis.(**A**, **C**) Representation of SILAC based quantitative proteomic changes. Protein ratio is plotted against signal intensity. Proteins that were significantly (significance B) down-regulated (red dots) or up-regulated (green dots) during 3 hr of starvation are shown. Non-regulated proteins are shown as grey bars. (**A**) Upper panel: protein ratios of WT cells starved/rich (labeled with heavy lysine); lower panel: protein ratios of *vps4∆* mutants starved/rich (labeled with heavy lysine). (**C**) Protein ratios of *vps4∆*(rich)/WT(rich, labeled with heavy lysine). (**B**) GO terms (cellular processes and components) that were significantly up- or down-regulated in the proteomic analysis of WT cells under starvation. Data are represented as enrichment over whole genome frequency for each GO term. (Bold: more than 1.5-fold enriched). (**D**) SDS-PAGE and western blot analysis of cells grown under rich conditions using the indicated antibodies.**DOI:** [http://dx.doi.org/10.7554/eLife.07736.009](10.7554/eLife.07736.009)10.7554/eLife.07736.010Figure 4---figure supplement 2.Starvation induced endocytosis.(**A**) Fluorescence microscopy of Ste2-GFP, Can1-GFP, Fur4-GFP, and Pma1-GFP in WT and *vps4∆* cells growing under rich conditions or after starvation. Vacuole (V), class E compartment (E) and plasma membrane (PM) are labeled. Scale bar = 5 µm. (**B**) Fluorescence microscopy of Gap1-GFP in WT cells growing under rich conditions or after starvation. Plasma membrane (PM) is labeled. Scale bar = 5 µm. (**C**) WT and *vps4∆* cells expressing Gap1-GFP were grown in rich medium or starved as indicated. Cell lysates were analyzed by SDS-PAGE and western blot (WB) using the indicated antibodies.**DOI:** [http://dx.doi.org/10.7554/eLife.07736.010](10.7554/eLife.07736.010)

To identify cellular components and biological processes that were regulated early during starvation, we determined the enrichment of specific Gene Ontology (GO) terms ([@bib20]) ([Figure 4A](#fig4){ref-type="fig"}, [Figure 4---figure supplement 1B](#fig4s1){ref-type="fig"}, [Supplementary file 2](#SD2-data){ref-type="supplementary-material"}). Amino acid- and carbohydrate-metabolic pathways were up-regulated to meet the demands of starving cells. Most vacuolar hydrolases were also up-regulated in response to nutrient limitation, indicating that starving cells enhanced the catabolic activity and thus the recycling capacity of their vacuoles. Components of the autophagic machinery, including Atg1 and Atg8, were also up-regulated ([Figure 4A](#fig4){ref-type="fig"}). In contrast, cell wall components, proteins required for ribosome biogenesis and cell cycle/division were down-regulated ([Figure 4A](#fig4){ref-type="fig"}, [Figure 4---figure supplement 1B](#fig4s1){ref-type="fig"}). This reflects known cellular responses to starvation, such as reduced cell growth and protein synthesis, exit from mitosis and entry into quiescence.

Strikingly, the GO analysis also revealed that plasma membrane proteins were among the most frequently down-regulated cellular components during starvation. Not only Mup1, but many other plasma membrane proteins, including diverse high affinity nutrient permeases required for the transport of sugars (Itr1, Hxt2, 3), nucleobases (Fur4), amino acids (Bap3, Gnp1, Tat1, Can1) and ammonium (Ato3) but also the G-protein coupled receptor Ste2 were down-regulated ([Figure 4A](#fig4){ref-type="fig"}) and degraded via the MVB pathway ([Figure 4---figure supplement 2A](#fig4s2){ref-type="fig"}). This comprehensive starvation-induced remodeling of the plasma membrane was highly selective. The protein levels of the plasma membrane H^+^-ATPase, Pma1, were not dramatically altered. The majority of Pma1 remained at the cell surface and only a small portion was delivered into the vacuole ([Figure 4---figure supplement 2A](#fig4s2){ref-type="fig"}). Moreover, the general amino acid permease Gap1 and the ammonium permease Mep2 were strongly up-regulated and the majority of Gap1 was retained at the plasma membrane ([Figure 4A](#fig4){ref-type="fig"}, [Figure 4---figure supplement 2B,C](#fig4s2){ref-type="fig"}).

To define how the MVB pathway contributed to proteome remodeling, the same proteomic experiment was performed with an isogenic ESCRT mutant (*vps4∆*) ([Figure 4---figure supplement 1A](#fig4s1){ref-type="fig"} lower panel, [Supplementary file 3](#SD3-data){ref-type="supplementary-material"}). To compare starvation-induced proteome remodeling in WT cells and *vps4∆* mutants, we restricted our analysis to 2694 proteins that were reliably quantified in both strains under rich and starvation conditions ([Figure 4B](#fig4){ref-type="fig"}, [Supplementary file 3](#SD3-data){ref-type="supplementary-material"}). Correlation analysis (R = 0.82, p \< 1e-16) revealed that WT cells and *vps4∆* mutants up- or down-regulated similar proteins in response to starvation, suggesting that ESCRT mutants are not generally deficient in inducing a starvation response ([Figure 4B](#fig4){ref-type="fig"}). However, data correlation analysis indicated that a majority of proteins in *vps4∆* mutants showed less pronounced changes during starvation ([Figure 4B](#fig4){ref-type="fig"}). To address this observation over the entire datasets, we calculated the frequency by which changes in protein abundance occurred in WT cells or *vps4∆* mutants. This analysis showed that the distribution of protein ratios was broader in WT cells (blue curve) than in the *vps4∆* mutants (green curve) ([Figure 4C](#fig4){ref-type="fig"}, p \< 6e-16). Hence in WT cells more proteins were stronger up- or down-regulated under starvation compared to ESCRT mutants, where changes in protein levels were less pronounced.

An additional direct quantitative analysis of the proteomes of WT cells (labeled with heavy ^13^C~6~^15^N~2~-lysine) and *vps4∆* mutants growing under rich conditions ([Figure 4---figure supplement 1C,D](#fig4s1){ref-type="fig"}, [Supplementary file 4](#SD4-data){ref-type="supplementary-material"}) showed the narrowest ratio distribution (red curve) ([Figure 4C](#fig4){ref-type="fig"}). These results indicate that the MVB pathway has a small and selective effect on the proteome of cells growing under rich conditions, but becomes critical to support proteome remodeling once extra-cellular amino acids become limiting.

To pinpoint processes that were particularly dependent on the MVB pathway during starvation, we identified 135 proteins that showed the most significant differences in changes of protein abundance between WT cells and *vps4∆* mutants ([Figure 4D](#fig4){ref-type="fig"}, [Supplementary file 5](#SD5-data){ref-type="supplementary-material"}). From this analysis it became additionally evident that most proteins were (with few exceptions) stronger up- or down-regulated in WT cells (black bars) than in *vps4∆* mutants (white bars). GO analysis of these 135 proteins identified three processes that were primarily differentially regulated between *vps4∆* mutants and WT cells upon starvation ([Figure 4E](#fig4){ref-type="fig"}, [Supplementary file 6](#SD6-data){ref-type="supplementary-material"}). Based on this analysis we conclude that in the first 3 hr of starvation the MVB pathway is particularly required (i) for the degradation of plasma-membrane proteins, as expected, which probably helps to maintain intracellular amino acid levels; (ii) to increase the protein levels of vacuolar hydrolases and thereby enhance the catabolic processes in vacuoles and also (iii) to down-regulate proteins that control the cell division cycle.

Boosting vacuolar catabolism early during starvation depends on the de novo synthesis of vacuolar hydrolases, which requires the MVB pathway {#s2-5}
--------------------------------------------------------------------------------------------------------------------------------------------

Our quantitative proteomic analysis indicated that most vacuolar proteases, in particular Prb1, but also Ape1, Cps1 and Pep4, were up-regulated during the first 3 hr of starvation in WT cells ([Figures 4A, 5A](#fig4 fig5){ref-type="fig"}). Also other types of vacuolar hydrolytic enzymes were induced during that time, like the alpha-mannosidase Ams1 or the ribonuclease Rny1. To directly assess how the catabolic activity of vacuoles changed during starvation, we measured the enzymatic activity of vacuolar alkaline phosphatase, Pho8. The transmembrane protein Pho8 is delivered to the vacuole via the AP-3 pathway, which functions independently of the ESCRT machinery ([@bib9]). Pho8 activity requires proteolytic maturation of Pho8 by Pep4 on the C-terminus. An additional uncharacterized endoproteolytic activity further cleaves mPho8 to yield a soluble sPho8 inside the vacuole that can be specifically measured ([Figure 5B,C](#fig5){ref-type="fig"}) ([@bib66]). In a yeast mutant that was deficient for three major vacuolar peptidases (*pep4∆*, *prb1∆*, *prc1∆*), Pho8 was not matured ([Figure 5B](#fig5){ref-type="fig"}, lane 1) and Pho8 activity was not detected ([Figure 5C](#fig5){ref-type="fig"}). In *vps4∆* mutants the Pep4-dependent maturation to mPho8 was not impaired under rich growth conditions or starvation ([Figure 5B](#fig5){ref-type="fig"}, lane 3--5). In all cells sPho8 levels were low under rich conditions, which corresponded to low Pho8 activity ([Figure 5B,C](#fig5){ref-type="fig"}). Within the first 3 hr of starvation, sPho8 activity increased at least fivefold in WT cells ([Figure 5C](#fig5){ref-type="fig"}), consistent with the de novo synthesis of vacuolar proteases resulting in increased endoproteolytic activity generating sPho8 ([Figure 5B](#fig5){ref-type="fig"} lane 3). In the following 15 hr of starvation Pho8 activity only doubled ([Figure 5C](#fig5){ref-type="fig"}). Hence the major boost for the catabolic activity of vacuoles occurs during the first 3 hr of starvation. In two different mutants that block autophagy (*atg8∆* and *atg5∆* mutants), sPho8 activity still increased 3--5 fold during the first 3 hr of starvation similar to WT cells, but failed to increase further upon extended starvation ([Figure 5C](#fig5){ref-type="fig"}), suggesting that autophagy was not required to boost the catabolic activity of vacuoles early during starvation.10.7554/eLife.07736.011Figure 5.Boosting the catabolic activity of vacuoles during starvation requires the MVB pathway.(**A**) Starvation-induced changes in the protein levels of various vacuolar hydrolases based on SILAC data in WT (black) and *vps4∆* mutants (white). (**B**) Indicated yeast strains were grown in rich medium (0 hr) or starved for 3 hr. Cell lysates were subjected to SDS-PAGE and western blot analysis with the indicated antibodies. p, precursor form; m, mature form; s, soluble form. (**C**, **D**) Soluble Pho8 (sPho8) activity in rich medium and upon starvation of the indicated strains (mean ± SEM, n = 4). (**E**) Fluorescence microscopy of Pep4-GFP (green) in WT cells and *vps4∆* mutants growing under rich or starvation conditions. (V)acuoles (FM4-64, red) and class (E) compartments. Scale bar = 5 µm. *vps10∆* + *VPS10* (2 µ) cells were used as the isogenic WT control in (**D**) and (**E**).**DOI:** [http://dx.doi.org/10.7554/eLife.07736.011](10.7554/eLife.07736.011)10.7554/eLife.07736.012Figure 5---figure supplement 1.Boosting the catabolic activity of vacuoles requires membrane protein degradation via the MVB pathway.(**A**) Soluble vacuolar alkaline phosphatase (sPho8) activity in WT and ESCRT mutants (*vps36∆*; *vps23∆*). Data are represented as fold increase in activity after 3 hr starvation over rich growth condition (n = 3; mean ± SEM). (**B**) Fluorescence microscopy of CPY(1--50)-mRFP and Mup1-GFP in WT cells, *vps4∆* mutants and *vps4∆* mutants over-expressing Vps10 growing under rich or starvation conditions. (V)acuoles and class (**E**) compartments. (**C**) Indicated yeast strains were grown in rich medium (0 hr) or starved for 3 hr. Cell lysates were subjected to SDS-PAGE and western blot analysis with the indicated antibodies. p, precursor form; m, mature form; s, soluble form; \*unspecific background band. (**D**) WT cells, *vps4∆* mutants and *vps4∆* mutants over-expressing Vps10 were grown to mid-log phase (rich) and starved as indicated. Free amino acids were extracted and analyzed by liquid chromatography. Data are represented as the sum of free amino acids (mg) per gram of dry yeast. Mean ± SD, n = 3. (**E**) ^35^S-Met/Cys incorporation into proteins of WT (*vps10∆* + *VPS10*, 2 µ), *vps4∆* mutants and *vps4∆* mutants over-expressing Vps10 under rich growth conditions and during starvation, was analyzed by SDS-PAGE and digital autoradiography. Coomassie staining shows equal protein loading. (**F**) Quantification of ^35^S-incorporation under rich conditions and after 1, 2 and 4 hr of starvation by liquid scintillation counting. Incorporation under rich conditions was set to 100%. Mean ± SEM, n = 3.**DOI:** [http://dx.doi.org/10.7554/eLife.07736.012](10.7554/eLife.07736.012)

In *vps4∆* mutants growing under rich conditions, sPho8 protein levels were slightly lower ([Figure 5B](#fig5){ref-type="fig"}, lane 4), consistent with lower Pho8 activity ([Figure 5C](#fig5){ref-type="fig"}). Upon starvation sPho8 activity merely doubled in *vps4∆* mutants during first hours of starvation and never reached levels comparable to WT cells or autophagy mutants ([Figure 5C](#fig5){ref-type="fig"}). ESCRT-I (*vps23∆*) or ESCRT-II (vps36*∆*) mutants were also severely impaired in increasing the catabolic activity of their vacuoles during starvation ([Figure 5---figure supplement 1A](#fig5s1){ref-type="fig"}).

SILAC based quantification of vacuolar hydrolases in starving *vps4∆* mutants revealed that the protein levels of most vacuolar hydrolases including Prb1, Ape1, Cps1 and Pep4 were only marginally induced ([Figure 5A](#fig5){ref-type="fig"}). Therefore mPho8 was not efficiently cleaved to sPho8 in *vps4∆* mutants ([Figure 5B](#fig5){ref-type="fig"} lane 5) and the catabolic activity of vacuoles in ESCRT mutants failed to increase early during starvation ([Figure 5C](#fig5){ref-type="fig"}). The inability of ESCRT mutants to increase the protein levels of vacuolar proteases appears to culminate in a failure to boost the catabolic activity of vacuoles early during starvation. This is best explained by the central role of the MVB pathway in maintaining intracellular amino acid levels for protein synthesis early during starvation.

Boosting the catabolic activity of vacuoles requires membrane protein degradation via the MVB pathway {#s2-6}
-----------------------------------------------------------------------------------------------------

ESCRT mutants also have a minor sorting defect for soluble vacuolar hydrolases, which are aberrantly secreted, mainly because Vps10, the sorting receptor for multiple vacuolar hydrolases (e.g.: Pep4 and Prc1) recycles less efficiently between endosomes and the golgi ([@bib6]; [@bib55]). Hence, severe mis-sorting and strong secretion of vacuolar hydrolases might alternatively explain the failure of ESCRT mutants to recycle amino acids, maintain protein synthesis and boost the catabolic activity of vacuoles.

Therefore we next analyzed the extent to which the mis-sorting of vacuolar hydrolases would contribute to the here describe phenotypes of ESCRT mutant. First, we determined the subcellular localization of the master protease Pep4-GFP and Prc1/CPY-RFP in ESCRT mutants under rich growth or starvation using live cell fluorescence microscopy. Pep4-GFP localized to the class E compartment in ESCRT mutants, but a large fraction of Pep4-GFP was also delivered into the lumen of the vacuole ([Figure 5E](#fig5){ref-type="fig"}). Similar results were obtained for a construct containing the vacuolar sorting signal of Prc1/CPY fused to RFP ([Figure 5---figure supplement 1B](#fig5s1){ref-type="fig"}). Hence, a considerable fraction of vacuolar hydrolases still arrived in the lumen of the vacuole where they fully matured and were active ([Figures 3E, 5](#fig3 fig5){ref-type="fig"}). Notably, ESCRT mutants, unlike other endo-lysosomal trafficking complexes including HOPS, CORVET or retromer, were never identified as *pep* mutants ([@bib24]) because they displayed relatively minor mis-sorting of vacuolar hydrolases ([@bib6]; [@bib55]), which kept their vacuoles catabolically active.

Earlier reports suggested that the overexpression of Vps10 can selectively rescue the partial mis-sorting of vacuolar hydrolases (CPY/Prc1, Pep4) in *vps4∆* mutants but not the degradation of membrane proteins ([@bib5]). As expected, Mup1-GFP still localized to class E compartments and was not delivered into vacuoles in *vps4∆* cells overexpressing Vps10 ([Figure 5---figure supplement 1B](#fig5s1){ref-type="fig"}). Yet, Vps10 overexpression alleviated mis-sorting of vacuolar enzymes ([Figure 5---figure supplement 1C](#fig5s1){ref-type="fig"}) and thus increased the catabolic activity of vacuoles in *vps4∆* mutants to 80% of WT levels under rich growth conditions ([Figure 5D](#fig5){ref-type="fig"}). Despite this restoration of vacuolar catabolic activity prior to starvation, overexpression of Vps10 failed to rescue intracellular amino acid levels ([Figure 5---figure supplement 1D](#fig5s1){ref-type="fig"}) and protein synthesis ([Figure 5---figure supplement 1E,F](#fig5s1){ref-type="fig"}) in *vps4∆* mutants throughout starvation.

It seems that the cellular defects of ESCRT mutants during starvation can be mostly attributed to their inability to degrade membrane proteins. *vps4∆* mutants but also *vps4∆* mutants overexpressing Vps10 could not efficiently up-regulate the de novo synthesis of vacuolar hydrolases in time. Therefore the catabolic activity of vacuoles remained low during starvation in *vps4∆* mutants overexpressing Vps10 ([Figure 5D](#fig5){ref-type="fig"}). This is further emphasized by the impairment of ESCRT mutants to efficiently increase the protein levels of two other hydrolases, Ape1 and Ams1, during starvation ([Figure 5A](#fig5){ref-type="fig"}). Both Ape1 and Ams1 are delivered to vacuoles via the cvt-pathway and hence will not be secreted or mis-sorted in ESCRT mutants.

All of these findings are consistent with the idea that selective membrane protein degradation via the MVB pathway, rather than the mere sorting of vacuolar hydrolases, is essential to maintain sufficient free intracellular amino acids to uphold protein synthesis for proteome remodeling early during starvation. It thereby contributes essentially to the de novo synthesis of vacuolar hydrolases to concomitantly boost of the catabolic activity of vacuoles.

Boosting the catabolic activity of vacuoles early during starvation is essential for the efficient degradation of autophagic cargo {#s2-7}
----------------------------------------------------------------------------------------------------------------------------------

Next we tested if the MVB-dependent de novo synthesis of vacuolar hydrolases and the subsequent boost in hydrolytic activity was also required to break down and recycle autophagic cargo.

Our proteomic studies comparing WT cells and *vps4∆* mutants growing under rich conditions indicated that Atg8 protein levels were increased in *vps4∆* mutants when compared to WT cells ([Figure 4---figure supplement 1C](#fig4s1){ref-type="fig"}, [Supplementary file 4](#SD4-data){ref-type="supplementary-material"}). This was also confirmed by western blot analysis ([Figure 6A](#fig6){ref-type="fig"}, lane 5, [Figure 4---figure supplement 1D](#fig4s1){ref-type="fig"}). Despite the efficient transport of GFP-Atg8 into vacuoles and lysis of autophagic bodies ([Figure 3C,E](#fig3){ref-type="fig"}), the release of free GFP from Atg8, which depends on efficient vacuolar proteolysis, was delayed in *vps4∆* mutants, but not completely blocked ([Figure 6A](#fig6){ref-type="fig"}).10.7554/eLife.07736.013Figure 6.Boosting the catabolic activity of vacuoles is essential for the efficient degradation of autophagic cargo.(**A**, **B**, **C**) SDS-PAGE and western blot analysis of total cell lysates from WT cells and *vps4∆* mutants grown in rich medium or during starvation using the indicated antibodies. p(ro)Ape1, m(ature)Ape1. \*residual anti-GFP signal after re-probing the membrane with anti-Pgk1 antibody. (**D**) Fluorescence microscopy of Rpl25-GFP (green) and mCherry-CPS (red) in WT cells and *vps4∆* mutants under rich conditions or after starvation. Dashed lines indicate the vacuolar membrane. (V)acuoles and class (E) compartments. Scale bar = 5 µm.**DOI:** [http://dx.doi.org/10.7554/eLife.07736.013](10.7554/eLife.07736.013)10.7554/eLife.07736.014Figure 6---figure supplement 1.Proteolytic processing of autophagic cargo.(**A**) SDS-PAGE and western blot analysis of total cell lysates from WT cells and the indicated mutants starved for 4 hr using the indicated antibodies. p, precursor form; m, mature form; Ψ-m, pseudo-mature form generated in *prb1∆*; \*residual anti-GFP signal after re-probing the membrane with anti-Pgk1 antibody. (**B**) SDS-PAGE and western blot analysis of total cell lysates from *vps4∆* mutants and *vps4∆* mutants overexpressing Vps10 grown in rich medium or during starvation using the indicated antibodies.**DOI:** [http://dx.doi.org/10.7554/eLife.07736.014](10.7554/eLife.07736.014)

Similarly, already under rich growth conditions *vps4∆* mutants had higher protein levels of mature mApe1 and immature pApe1 ([Figure 6B](#fig6){ref-type="fig"}, lane 1, 2), which is delivered to vacuoles via the cvt-pathway ([@bib29]). Starving WT cells strongly induced the expression of Ape1 and increased its autophagy-dependent transport to the vacuole ([@bib4]), indicated by its efficient proteolytic processing ([Figure 6B](#fig6){ref-type="fig"}, lanes 3, 5, [Figure 5A](#fig5){ref-type="fig"}). In starving *vps4∆* mutants, mApe1 also increased, but not as strongly as in WT cells, which is consistent with our quantitative proteomic data ([Figure 5A](#fig5){ref-type="fig"}, [Supplementary file 3](#SD3-data){ref-type="supplementary-material"}). In *vps4∆* mutants we always detected more pApe1, indicating a delay in proteolytic maturation ([Figure 6B](#fig6){ref-type="fig"}, lane 6). In contrast when *PEP4* or *PRB1* were deleted, the release of free GFP from GFP-Atg8 and Ape1 maturation were fully blocked, further confirming that the catabolic activity of ESCRT mutants vacuoles was by no means completely defective ([Figure 6---figure supplement 1A](#fig6s1){ref-type="fig"}).

Additionally, the autophagy-dependent proteolytic processing of the ribosomal subunit Rpl25-GFP was delayed in *vps4∆* mutants ([Figure 6C](#fig6){ref-type="fig"}, lane 7--10), although it was transported into the vacuoles of *vps4∆* mutants ([Figure 6D](#fig6){ref-type="fig"}). The degradation of autophagy cargo during starvation was also not restored in *vps4∆* mutants by Vps10 overexpression ([Figure 6---figure supplement 1B](#fig6s1){ref-type="fig"}).

These results provide further evidence that amino acid recycling through the selective degradation of membrane proteins via the MVB pathway is required to boost the vacuolar catabolic activity early during starvation, mainly by maintaining protein synthesis and therefore promoting the up-regulation of vacuolar hydrolases. This order of events primes vacuoles for the efficient degradation of autophagic cargo.

The coordinated function of the MVB pathway and autophagy is required to enter quiescence upon starvation {#s2-8}
---------------------------------------------------------------------------------------------------------

Starving cells have to exit proliferation and enter quiescence to survive this stress condition. In yeast, starvation results in a stable G~1~/G~0~ arrest, which can be scored by the increase of unbudded cells. Starving WT cells grew slowly, but still doubled their optical density ([Figure 7A](#fig7){ref-type="fig"}) and the majority (\>80%) no longer displayed budding daughter cells ([Figure 7B](#fig7){ref-type="fig"}). Hence WT cells managed to complete a final cell division cycle and efficiently arrested in G~1~/G~0~ during starvation. Autophagy mutants (*atg8∆* or *atg5∆*) grew slower when compared to WT cells upon starvation and failed to complete cell division and thus could not enter G~1~/G~0~ arrest ([Figure 7A,B](#fig7){ref-type="fig"}), consistent with recent reports showing that autophagy is essential to overcome a Swe1-dependent checkpoint mechanism ([@bib40]; [@bib3]). Our proteomic analysis indicated that cell cycle regulatory proteins (including Swe1) were less efficiently down-regulated during starvation in *vps4∆* mutants ([Figure 4E](#fig4){ref-type="fig"}, [Supplementary file 3](#SD3-data){ref-type="supplementary-material"}). Strikingly, when *vps4∆* mutants were subjected to starvation, their growth slowed down prior to the growth of autophagy mutants ([Figure 7A](#fig7){ref-type="fig"}). ESCRT-I (*vps23∆*), ESCRT-II (*vps36∆*), ESCRT-III (*snf7∆*) and *vps4∆* mutants failed to complete their final round of cell division and hence could not enter a G~1~/G~0~ arrest ([Figure 7B](#fig7){ref-type="fig"}). When the partial sorting defect of vacuolar hydrolases of ESCRT mutants was rescued by Vps10 overexpression, *vps4∆* mutants still stopped to grow and failed to enter quiescence during starvation ([Figure 7---figure supplement 1A,B](#fig7s1){ref-type="fig"}). A mutant deficient for three vacuolar peptidases (*pep4∆*, *prb1∆*, *prc1∆*) ([Figure 7B](#fig7){ref-type="fig"}) also failed to complete cell division and could not enter G~1~/G~0~ arrest ([Figure 7B](#fig7){ref-type="fig"}). In this mutant the sequestration of cargo into MVBs or autophagosomes and their transport into vacuoles is not affected ([Figure 3E](#fig3){ref-type="fig"}). Hence these results implicate that proteolytic degradation of MVB cargo and autophagic cargo inside the vacuoles in general, rather than removal/sequestration of a specific factor, is essential to complete a final cell division cycle and enter quiescence during starvation.10.7554/eLife.07736.015Figure 7.The coordinated function of the MVB pathway and autophagy is required to enter quiescence upon starvation.(**A**) Growth of WT cells and the indicated mutants after shift from logarithmic growth in rich medium (0 hr) to starvation measured with OD~600nm~. Mean ± SEM, n = 4. (**B**) Quantification of unbudded cells (G~1~/G~0~ arrested) under rich conditions (0 hr) or after indicated time of starvation. (**C**) Cells were starved for the indicated times and equal amounts of cells in serial dilutions were placed on rich medium (YPD). (**D**) Model representing the coordinated action of lysosomal protein degradation pathways for amino acid maintainance and recycling as well as protein synthesis during starvation.**DOI:** [http://dx.doi.org/10.7554/eLife.07736.015](10.7554/eLife.07736.015)10.7554/eLife.07736.016Figure 7---figure supplement 1.Cell growth and entry into quiescence upon starvation.(**A**) Growth of WT cells and the indicated mutants overexpressing Vps10 after shift from logarithmic growth in rich medium to starvation measured with OD~600nm~. Mean ± SEM, n = 4. (**B**) Quantification of unbudded cells (G~1~/G~0~ arrested) under rich growth or after 4 hr or 24 hr of starvation. n \> 210.**DOI:** [http://dx.doi.org/10.7554/eLife.07736.016](10.7554/eLife.07736.016)

Finally, survival of long-term starvation was assessed by placing equal amounts of cells from starving cultures onto rich medium plates. WT cells barely lost viability even when they were starved for 13 days. In contrast, both *vps4∆* and *atg8∆* mutants gradually lost viability over time, and the *vps4∆*, *atg8∆* double mutants showed severe synthetic survival defects ([Figure 7C](#fig7){ref-type="fig"}).

In summary these results show that starvation-induced endocytosis and the subsequent selective degradation of these membrane proteins via the MVB pathway maintains intracellular amino acids pools that are required for the synthesis of new proteins early during starvation. This includes the de novo synthesis of vacuolar hydrolases, which is essential to boost the catabolic activity of vacuoles ([Figure 7D](#fig7){ref-type="fig"}). This order of events primes vacuoles for the efficient degradation of bulk cytoplasm by autophagy, enables the continuous recycling of nutrients to maintain cellular homeostasis during extended periods of starvation and thereby promotes a stable cell cycle arrest that ensures cell survival.

Discussion {#s3}
==========

Here we show that eukaryotic cells utilize a catabolic cascade of selective and non-selective degradation pathways to ensure cell survival upon starvation ([Figure 7D](#fig7){ref-type="fig"}). Immediately upon nutrient limitation, the degradation of cytoplasmic proteins by the UPS acutely supplies amino acids to maintain protein synthesis ([@bib72]). Starvation also inactivates TORC1 signaling, which probably simultaneously stimulates autophagy as well as starvation-induced endocytosis. Once TORC1 signaling is turned off, Atg13 is quickly dephosphorylated, which allows the formation of the Atg1/Ulk1 kinase complex to induce autophagy ([@bib25], [@bib26]).

The TORC1/Npr1 signaling axis also controls at least in part starvation-induced endocytosis, by regulating different arrestin-like adaptors (ARTs) for Rsp5, the major ubiquitin ligase required for endocytosis in yeast. Thereby TORC1 signaling orchestrates the selective remodeling of the plasma membrane proteome under different growth conditions and additionally could increase protein turnover via the MVB pathway ([@bib62]; [@bib7]; [@bib37]; [@bib39]; [@bib23]; [@bib8]; [@bib11]). Our results demonstrate for the first time that starvation induces a massive but still selective remodeling of the plasma membrane proteome. At least 18 different integral plasma membrane proteins undergo starvation-induced endocytosis including different amino acid permeases, sugar transporters and the G-protein coupled receptor, Ste2. Within a few hours these membrane proteins are transported via the MVB pathway into vacuoles for degradation. How TORC1 signaling could control Rsp5-dependent cargo specificity and the selective ubiquitinylation of many different cargoes at the same time is currently not clear.

Our results further demonstrate that the ESCRT-dependent degradation of these membrane proteins in vacuoles is essential to maintain a critical pool of free amino acids for protein synthesis. This enables the de novo synthesis of vacuolar hydrolases that are required to boost the catabolic activity of vacuoles ([Figure 7D](#fig7){ref-type="fig"}). Thereby, the MVB pathway ensures that the catabolic activity of the vacuole is up-regulated in time to allow subsequent, efficient degradation of autophagic cargo. Only when these conditions are met, autophagy considerably contributes to amino acid recycling during extended starvation to restore intracellular amino acid levels ([@bib30]; [@bib49]). Since the MVB pathway is also in part required for the proper targeting of hydrolases into the vacuole, it might even fulfill a dual function. Yet, our results emphasize that a significant fraction of vacuolar hydrolases are sorted into the lumen of vacuoles in ESCRT mutants, where they mature and become active. Furthermore, if the observed phenotypes in ESCRT mutants would be caused solely by mis-sorting of vacuolar hydrolases, this would lead to a delay in autophagy-mediated amino acid recycling. In this case their defects during starvation should be similar or even weaker when compared to autophagy mutants. The partial sorting defects for vacuolar hydrolases are thus not consistent with the stronger defects of ESCRT mutants in maintaining amino acid levels, protein synthesis and cell growth early during nutrient limitation. Moreover it was possible to restore the catabolic activity of vacuoles in ESCRT mutants under rich growth conditions, while this was no longer possible during starvation. Hence it seems that mainly the selective degradation of membrane proteins as a source for amino acids, rather than just the sorting of vacuolar hydrolases, contributes to the key role of the MVB pathway during starvation. At the moment it is not clear why the MVB pathway appears to be more critical than autophagy to maintain intracellular amino acids levels early during starvation. We speculate that membrane proteins that have been selected for degradation via the MVB are for the most part not re-synthesized, while non-selective autophagy will inevitably also capture and degrade proteins that are still needed and thus have to be replaced. Hence, selective protein degradation may at least initially provide a bigger added value for the free intracellular amino acid pool as compared to the non-selective degradation of bulk cytoplasm by autophagy. The ESCRT machinery has recently been described to contribute to selective micro-autophagy on late endosomes in mammalian cells ([@bib58]). Hence, ESCRT-dependent catabolic pathways may not be limited to membrane proteins, although our study did not experimentally address this possibility.

Ultimately our results suggest that only the coordinated action of the MVB pathway and autophagy provides sufficient intracellular recycling capacity during starvation to allow efficient mitotic exit and entry into a stable G~1~/G~0~ quiescent state and thereby ensures cell survival ([Figure 7D](#fig7){ref-type="fig"}). The underlying mechanisms are not fully understood but probably require amino acid recycling from the vacuole to the cytoplasm via vacuolar amino acid permeases. Alternatively, the evolutionary conserved EGO/LAMTOR/Ragulator complex in conjugation with a lysosomal amino acid sensor ([@bib14]; [@bib59]; [@bib80]; [@bib53]; [@bib75]) could somehow measure free amino acids in the lumen of lysosomes and transiently re-activate TORC1 to complete the final cell division cycle prior to entry into quiescence ([@bib40]; [@bib3]).

In *Drosophila* and human cells, loss of the ESCRT machinery interferes with a late step in autophagy, namely the fusion of amphisomes with lysosomes ([@bib46]; [@bib17]; [@bib57]; [@bib36]). Amphisomes are acidic pre-lysosomal hybrid organelles of MVBs/late endosomes and autophagosomes ([@bib68]), Thus, our findings that a functional MVB pathway is key to boost the catabolic activity may not be restricted to lysosomes but may also include MVB-derived amphisomes and thereby ensure the efficient degradation of autophagic cargo in higher eukaryotes. In yeast autophagosomes appear to fuse directly with vacuoles and amphisomes have not been described. Consistently, we and others demonstrated that loss of ESCRT function does not significantly impair the autophagic machinery itself or the delivery of autophagic cargo into lysosomes in yeast or *Caenorhabditis elegans* ([@bib54]; [@bib13]; [@bib23]).

Our results show that the MVB pathway takes a central role in cellular homeostasis to preserve and redistribute biomass that can be used to maintain cell growth under nutrient limitation. It is tempting to speculate that during transient nutrient fluctuations or changes in metabolism a more stepwise activation of this catabolic cascade with initial selective protein degradation via UPS and the MVB pathway might help to delay massive non-selective breakdown of cytoplasm via autophagy, at least for some time. This might provide a safety mechanism to protect cells from the immediate need for non-selective protein degradation. While the ESCRT machinery has acquired additional roles in diverse biological processes in higher eukaryotes, we propose that the central role of the MVB pathway in the catabolic cascade of eukaryotic cells during starvation is evolutionary conserved.

Material and methods {#s4}
====================

Yeast strains and growth conditions {#s4-1}
-----------------------------------

All experiments were performed with SEY6210 yeast strains, except for Pho8∆60-expressing strains, strains used in [Figure 1C](#fig1){ref-type="fig"} and [Figure 6---figure supplement 1A](#fig6s1){ref-type="fig"} and prototrophic strains ([Figure 2---figure supplement 1A,B](#fig2s1){ref-type="fig"}), which were derived from BY4741 or BY4742. For growth under rich conditions, cells were incubated in YNB synthetic medium supplemented with amino acids/nucleobases (Ade, Arg, Lys, Thr, Tyr plus Ura, Trp, Leu or His when required for auxotrophic strains) and 2% glucose, at 26°C, except for [Figure 3B](#fig3){ref-type="fig"} (YPD). For starvation experiments, cells were kept at mid-log phase for 24 hr before they were twice washed with and resuspended in YNB with 2% glucose but w/o amino acids and (NH~4~)~2~SO~4~. For growth on agar plates, yeast cells were diluted to OD~600nm~ = 0.05 and spotted in 10× dilutions on YPD or YNB plates. Protein synthesis was inhibited by treatment with cycloheximide (Sigma Aldrich, Austria, 50 µg/ml) and proteasomal activity was blocked by MG132 (Sigma Aldrich, 50 µM).

Yeast strains, plasmids and cloning {#s4-2}
-----------------------------------

Genetic modifications were done by PCR and/or homologous recombination using standard techniques. Where applicable, tags were introduced at the C-terminus to preserve the endogenous promoter sequences. Plasmid-expressed genes including their endogenous promoters were amplified from yeast genomic DNA into centromeric vectors (pRS series). All constructs were analyzed by DNA-sequencing and transformed into yeast cells using standard techniques. Yeast strains and plasmids used in this study are listed in [Supplementary file 7](#SD7-data){ref-type="supplementary-material"} and primer in [Supplementary file 8](#SD8-data){ref-type="supplementary-material"}.

Sample preparation for MS {#s4-3}
-------------------------

For quantitative proteomics yeast cells were grown in complex synthetic medium (CSM -His, -Arg, -Lys, complemented with Arginine and Lysine, SunriseScience Products, San Diego, CA) and kept at mid-log phase for 24 hr. Subsequently, cells were washed with their corresponding labeling medium and then used to inoculate 500 ml of labeling medium. Cells were kept in log phase for 10 generations with either, heavy ^13^C~6~^15^N~2~-L-Lysine or unlabeled ^12^C~6~^14^N~2~-L-Lysine. For starvation experiments, logarithmically growing cells from unlabeled medium were washed twice with starvation medium and incubated for 3 hr in starvation medium. Cells were harvested by centrifugation. Labeled and unlabeled cells were mixed in a 1:1 ratio according to their OD~600nm~. Cell were mechanically disrupted with glass beads at 4°C in PBS containing protease inhibitors (Aprotinin 10 µg/ml; Pepstatin 1 µg/ml, Leupeptin 10 µg/ml, Pefablock SC 100 µg/ml). Cell lysates were cleared from intact cells by centrifugation (5 min 1500 rpm, 4°C). Cleared cell lysates were TCA-precipitated and washed twice with acetone. Proteins were dissolved in water, lyophilized (in order to remove traces of organic solvents) and solubilized in 100 mM NH~4~HCO~3~ (pH 8.0). Solubilization was attained by sonication for 3 × 40 s. Resolubilized proteins were reduced with dithiothreitol, alkylated with iodoacetamide, and in-solution digested with LysC (1:75 wt/wt) in 100 mM NH~4~HCO~3~ (pH 8.0). The resulting peptides were fractionated by reverse phase chromatography using an EC 250/4.6 Nucleosil 120-3 µm C18 column (Macherey--Nagel, Germany) and resulting fractions were analyzed by capillary electrophoresis-mass spectrometry ([@bib61]). Peptide separation was performed applying ultra low flow conditions (10 nl/min) using a neutral capillary installed into a PA800plus capillary electrophoresis system (Beckman Coulter, Germany), which was coupled via sheathless porous sprayer interface ([@bib16]) to an LTQ Orbitrap XL mass spectrometer (Thermo Scientific, Austria). Alternatively, cell lysates were fractionated in cytosolic and membrane associated proteins by ultracentrifugation (100.000×*g*) and proteins precipitated in 10% trichloroacetic acid (TCA). Precipitates were washed twice with acetone and resolubilized in SDS/urea sample buffer. SDS-PAGE in Tris-HCl gradient gels (4--15%, ReadyGel BioRad, Austria) was used to reduce sample complexity. The SDS gel was stained with SimplyBlue Safe Stain (Invitrogen, Austria), cut into 21 slices per lane and proteins in each slice were in-gel digested by Trypsin (50 ng/µl; biological sample 1) or LysC (50 ng/µl; biological sample 2). Resulting peptides were analyzed by liquid chromatography-mass spectrometry (LC -MS) using an UltiMate 3000 nano-HPLC system (Dionex/Thermo Scientific) coupled to an LTQ Orbitrap XL (Thermo Scientific). MS settings were as described ([@bib12]).

MS data analysis {#s4-4}
----------------

MS data were analyzed using MaxQuant (Version 1.2.2.5) ([@bib10]). The yeast ORF sequences from the Saccharomyces Genome Database ([@bib15]) were used for protein identification (last modified January 2010). The parameters for the enzymes, labels, maximum charge and variable modifications were chosen according to the experimental setup. All other settings were default. Quality control of the experiments was performed by comparing their label incorporation, peptide length distribution, calibrated and uncalibrated mass error distribution of retention time, fraction of matched MS/MS scans, and correlation of protein ratios between different replicates. To compare WT and *vps4∆* mutants under rich conditions, we only used proteins with at least three heavy and light peptide counts. Each protein had at least one unique peptide and MS scans in at least two biological replicates. No additional filtering criteria were applied for the WT and *vps4∆* data under starvation conditions. Differential regulation was estimated using the significance B (Perseus v1.0.2.13).

GO enrichment analysis {#s4-5}
----------------------

The GO enrichment analysis was performed using the differentially regulated proteins. They were mapped against the GOSlim Generic biological processes and cellular components ([@bib20]). GO term fusion was performed based on the GO tree (<http://www.geneontology.org/>). The enriched GO term at the highest level in the GO hierarchy was selected and its child terms were excluded. In cases when the parent process has a higher p-value, the child term was chosen. A hypergeometric test was used to estimate if the mapped GO term is significantly enriched with the selected proteins. The null hypothesis is that the selected proteins are randomly sampled from all yeast proteins. The resulting p-values were corrected with the Benjamini--Hochberg method. All adjusted p-values below 0.05 were reported. We also calculate the ratio of the observed (dataset frequency) vs the expected number of proteins (genome frequency) associated with the GO term, referred to as enrichment over genome ([@bib41]).

Density plots and comparison of protein ratios across experiments {#s4-6}
-----------------------------------------------------------------

The density plots show the computed density estimates of the protein ratios quantified in all the three experiments, using Gaussian kernel (R software environment). The protein ratio distributions were compared pairwise using the Kolmogorov--Smirnov test, under the null hypothesis that the two tested groups are samples from the same distribution, that is, have the same median, variability and distribution shape. The significant protein changes were excluded. Additionally, paired Student\'s t test was used to test for mean difference in the log2-transformed protein ratios. All p-values were adjusted using the Benjamini--Hochberg test. To individually compare the ratios of each protein in WT and ESCRT mutant cells during starvation, we analyzed the ratio of ratios. For each protein quantified under the two starvation conditions, we took the ratio (fold change) of WT and *vps4∆* ratios and then transformed it on a log scale with base 2. To extract the most differentially regulated proteins, we calculated the z-scores from the normal distribution of the ratio of ratios and selected the critical values (i.e. those z-scores that are less likely to occur). The significance level was 0.05. The two-sided test resulted with 135 significant differences between WT and *vps4∆* protein ratios.

Statistical analysis {#s4-7}
--------------------

To explore and visualize the data we used the R language for statistical computing and graphics. To calculate the linear correlation between protein ratios we used Pearson correlation. All p-values below or equal to 0.05 were reported.

Live cell fluorescence microscopy {#s4-8}
---------------------------------

A Zeiss Axio Imager M1 equipped with standard fluorescent filters and a SPOT Xplorer CCD camera was used. VisiView software was used for image-acquisition. Brightness and contrast were linearly adjusted. For vacuole staining ([@bib74]) growing or starving cells were labeled for 10 min with 10 µg/ml FM4-64 (stock solution 1 mg/ml in DMSO), washed twice with and subsequently chased for 1 hr in the respective medium before microscopy was performed.

Preparation of yeast whole cell protein extracts {#s4-9}
------------------------------------------------

To prepare whole cell lysates, yeast cells were pelleted, resuspended in ice-cold water with 10% trichloroacetic acid (TCA), incubated on ice for at least 30 min and washed twice with acetone. The precipitate was resolubilized in boiling buffer (50 mM Tris-HCl \[pH 7, 5\]; 1 mM EDTA, 1% SDS), solubilized with glass beads and boiled at 95°C. Urea sample buffer (150 mM Tris-HCl \[pH 6, 8\], 6 M Urea, 6% SDS, bromphenol blue, 10% β-mercaptoethanol) was added and the cleared cell lysate was separated by SDS-PAGE. Alternatively, proteins were extracted by alkaline extraction ([@bib33]). For analysis of protein phosphorylation ([Figure 3A,B](#fig3){ref-type="fig"}), TCA extraction was performed as described ([@bib51]).

Western blot and immunodetection {#s4-10}
--------------------------------

Whole cell protein extracts were prepared by TCA extraction or alkaline lysis, separated by SDS-PAGE and transferred to PVDF membranes. Antibodies used in this study include: α-Flag (Sigma, Austria), α-GFP (IgG1K, Roche, Austria), α-Pgk (22C5D8, Life technologies, Austria), α-ALP (1D3A10, Life technologies), α-HA (12CA5, Abcam, UK), α-Pep12 (2C3G4, Abcam), α-CPY/Prc1 (clone 10A5, Invitrogen), α-Ape1 and α-Atg8 ([@bib51]). The α-Atg13 antibody was kindly provided by Daniel Klionsky, University of Michigan. α-Vps4 ([@bib5]), α-Pep4 ([@bib28a]) and α-Vps21 ([@bib21]) antibodies were kindly provided by Scott Emr, Cornell University. The α-Sch9 and α-Sch9pT737 antibodies were kindly provided by Robbie Loewith, University of Geneva.

Alkaline phosphatase assays {#s4-11}
---------------------------

The Pho8∆60 assay was performed as described ([@bib48]; [@bib28]). Soluble endogenous vacuolar Pho8 activity (sPho8) was measured using a fluorigenic method described for Pho8∆60 ([@bib47]).

Incorporation of \[^35^S\]-Met/Cys {#s4-12}
----------------------------------

Mid-log cells grown in rich YNB medium (not containing methionine and cysteine) or starved cells were labeled with 15--30 µCi \[^35^S\]-Met/Cys labeling mix (Hartmann analytics IS-103) for 5 min at 30°C and stopped with excess L-Met (5 mM) and 75 µg/ml cycloheximide. Cell extracts were analyzed by autoradiography of SDS-PAGE (Amersham Biosciences, Austria, STORM 840) or quantified by liquid scintillation counting (Beckmann Coulter LS6500).

Amino acid extraction {#s4-13}
---------------------

Isogenic strains were grown to mid-log phase in YNB medium, washed twice with and inoculated in starvation medium at 0.6 OD~600nm~/ml. Equal cell numbers (at least 30 OD~600nm~) were harvested for each yeast strain and time point. Cultures from rich medium were harvested by vacuum filtration, washed twice with ice cold YNB medium (with 2% glucose and ammonium sulfate but without amino acids) and twice with ice cold 60% methanol. Starving cultures were washed twice with ice cold 60% methanol. All cell pellets were air-dried over night and weighed. Amino acids were ethanol-extracted and analyzed as described ([@bib2]). Norvalin (8 nmol/mg dry weight) was the internal standard. For the representation of each individual amino acid, the measured values were normalized by the maximum measured amino acid content across all conditions and replicates.

Bud index {#s4-14}
---------

Cells were briefly sonicated and visually scored for emerging buds by bright-field microscopy.
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eLife posts the editorial decision letter and author response on a selection of the published articles (subject to the approval of the authors). An edited version of the letter sent to the authors after peer review is shown, indicating the substantive concerns or comments; minor concerns are not usually shown. Reviewers have the opportunity to discuss the decision before the letter is sent (see [review process](http://elifesciences.org/review-process)). Similarly, the author response typically shows only responses to the major concerns raised by the reviewers.

Thank you for sending your work entitled "The sequential action of the MVB pathway and autophagy ensures cell survival during starvation" for consideration at *eLife*. Your article has been favorably evaluated by Vivek Malhotra (Senior editor), Noboru Mizushima (Reviewing editor), and two reviewers.

The Reviewing editor and the reviewers discussed their comments before we reached this decision, and the Reviewing editor has assembled the following comments to help you prepare a revised submission.

The manuscript of Mueller et al. focuses on the relative contribution of the MVB pathway to cellular amino acid homeostasis during starvation. The authors reveal that cells act in a consecutive manner to mobilize amino acids from cytosolic proteins (presumably via the proteasome), membrane proteins (via the MVB pathway), and finally bulk cytosolic proteins via autophagy. Taking a proteomic approach to compare MVB mutant and wild-type cells, the authors show that starvation is coupled to a massive remodeling of the proteome, where multiple hydrolases are upregulated to allow degradation of membrane proteins. The authors conclude that the MVB pathway is critical to supply amino acids for survival of cells during the early phase of starvation, which is followed by autophagy activation.

Some of these observations on MVB were previously made (Jones et al. Traffic 2012), whereas Müller et al. take a more global comparative approach by following both MVB and autophagy pathway in parallel. Overall, we think that this paper is important and seems mostly sounds.

Major comments:

1\) The data showing the sequential activation of the MVB pathway and autophagy during starvation is not strong. Autophagy can be immediately initiated after starvation. It is recommended to use GFP-Atg8 as another autophagy marker in addition to Rpl25-GFP in [Figure 1A](#fig1){ref-type="fig"}, which may show faster kinetics. Indeed, free GFP is clearly detected at 2h after starvation in [Figure 6A](#fig6){ref-type="fig"}.

2\) It is also essential to show that the amino acid pool is indeed reduced in *vps4∆* cells during early starvation. It was previously shown that the amino acid levels are reduced in autophagy mutants compared to wild-type cells at as early as 3h after starvation (Onodera and Ohsumi, JBC 2005). A similar experiment should be performed using MVB, autophagy, and double mutant cells, which will provide important information on relative contributions of these two pathways, in terms of both time and quantity, to the amino acid pool during starvation.

3\) Although the phenotype of *vps4∆* cells suggests that starvation-induced cargo degradation in the MVBs is important to supply amino acids for synthesis of vacuolar enzymes, it is still possible that, in *vps4∆* cells, delivery of hydrolases to the vacuole is defective, which affects the vacuolar function independently of amino acid supply. These two possibilities are not clearly distinguished. In particular, the data shown in [Figures 4A, 4B, and 6B](#fig4 fig6){ref-type="fig"} suggest that there may be a defect in the vacuolar function even in growing conditions or during a very short starvation period in *vps4∆* cells. This needs to be further clarified to support the authors\' main conclusion.

4\) The data in [Figure 5E](#fig5){ref-type="fig"} should be quantified because, as the authors mention in Discussion, several papers have reported that the ESCRT machinery is important for a late step of autophagy (i.e. autolysosome formation).

5\) The authors mention that selected membrane proteins are degraded during starvation. The methionine permease Mup1 is certainly degraded very efficiently ([Figure 1B](#fig1){ref-type="fig"}). Do they also have examples of membrane proteins that are unaffected? Can they discuss how the cell can distinguish which proteins are degraded selectively?

6\) In the same experiment, do the authors use Met/Cys free medium when they label cells under nutrient rich conditions? Otherwise, relative activity of 35S-Met/Cys would be different between the rich and starved conditions.

7\) The ESCRT-mediated MVB formation would be important for degradation of not only membrane proteins but also cytosolic proteins that are engulfed inside intraluminal vesicles. This is a reminiscence of microautophagy. Indeed, it was reported by Cuervo\'s lab that MBV formation contributes to the degradation of cytosolic proteins (Sahu et al. Dev Cell. 2011, 20:131). This possibility should also be discussed.

\[Editors' note: the decision after re-review follows, after which the authors submitted for further consideration.\]

Thank you for sending your revised work entitled "The sequential action of the MVB pathway and autophagy ensures cell survival during starvation" for consideration at *eLife*. Your full submission has been evaluated by Vivek Malhotra (Senior editor), a Reviewing editor, and one of the original reviewers.

The authors have responded to reviewers concerns by including new data, but major concerns still remain that preclude the publication of the paper at this time. The concerns of the reviewers follow.

1\) The data presented on GFP-Atg8n in new [Figure 1A](#fig1){ref-type="fig"} together with [Figure 1---figure supplement 1A](#fig1s1){ref-type="fig"} shows a relative rapid induction in autophagy activity during starvation. Thus, it is inappropriate to suggest: "the degradation of cytoplasmic contents via autophagy passed through an initial lag phase and peaked later during starvation, when compared to membrane protein degradation via the MVB pathway ([Figure 1A, B](#fig1){ref-type="fig"})". The time at which degradation of a protein peaks depends not only on the degradation activity, but also its rate of synthesis and total expression level. The authors have used selective cargos to monitor MVB pathway, it is also important to use selective cargos (e.g. GFP-Atg8) to monitor autophagy and discuss their temporal relationship and relative contributions. The response of the authors to this concern is not acceptable, for example, the expression levels of Atgs are not direct indicators of autophagic activity.

2\) The authors show increased amino acid levels in wild-type cells during starvation. This is puzzling and inconsistent with a previous report (Onodera and Ohsumi, JBC 2005), where the amino acid concentration was dramatically reduced even in wild-type cells and more profoundly in autophagy mutant cells. The authors do not discuss this apparent discrepancy. This should be addressed experimentally.

3\) The data in [Figure 4B](#fig4){ref-type="fig"} reveals a clear defect in processing of mPho8 into sPho8 even under growing conditions. This indicates a defect in vacuolar hydrolytic activity. Indeed, the authors describe a partial sorting defects of vacuolar hydrolases in ESCRT mutants and they have tried to rescue them by over expression of Vps10 ([Figure 4D](#fig4){ref-type="fig"}). However, this was performed only for data shown in [Figure 4D](#fig4){ref-type="fig"} and [Figure 7---figure supplement 1](#fig7s1){ref-type="fig"}. Vps10 rescue experiments should be included in other experiments that measure the amino acid pool ([Figure 2A](#fig2){ref-type="fig"}), protein synthesis ([Figure 2B](#fig2){ref-type="fig"}), and autophagic activity ([Figure 6C](#fig6){ref-type="fig"}). These are more relevant to the potential function of the MVB pathway as an amino acid generator. It is also unclear why over expression of Vps10 cannot rescue the pho8 activity under starvation conditions. Taken together, it is likely that defects in protein turnover observed in ESCRT mutants are due to a combination of defects in sorting of vacuolar enzymes and generation of amino acids.

10.7554/eLife.07736.026

Author response

*1) The data showing the sequential activation of the MVB pathway and autophagy during starvation is not strong. Autophagy can be immediately initiated after starvation. It is recommended to use GFP-Atg8 as another autophagy marker in addition to Rpl25-GFP in* [*Figure 1A*](#fig1){ref-type="fig"}*, which may show faster kinetics. Indeed, free GFP is clearly detected at 2h after starvation in* [*Figure 6A*](#fig6){ref-type="fig"}.

We never intended to argue that autophagy is only activated after membrane proteins were degraded via the MVB pathway. Therefore we have also slightly modified our model in [Figure 7D](#fig7){ref-type="fig"} (upper panel) to avoid possible misunderstanding. Starvation induced cargo ubiquitination and autophagy are probably simultaneously induced once TORC1 signaling is switched off due to nutrient limitation, as discussed in the original manuscript. Yet, while the constitutive MVB pathway can readily degrade ubiquitinated membrane proteins, autophagy cannot immediately operate at maximal capacity. Throughout starvation, there is a gradual increase in the magnitude, strength and efficiency of non-selective autophagy. It takes time and cellular resources to ramp up the autophagic machinery until it efficiently captures bulk cytoplasm for efficient amino acid recycling. All our data support this concept:

A\) The delivery of cytoplasm by the autophagic machinery gradually increases during extended starvation. This is a well-accepted concept and supported using a Pho8 60 assay, a sensitive method to measure autophagy early during starvation ([Figure 1---figure supplement 1A](#fig1s1){ref-type="fig"}) (Noda, T. et al. 1995). Pho8 60 activity increases in the first 3 hours of starvation, indicating the onset of autophagy. Yet the major increase is observed later after overnight starvation ([Figure 1---figure supplement 1A](#fig1s1){ref-type="fig"}). This is also consistent with the autophagic delivery of highly abundant cytoplasmic proteins such as ribosomal subunits ([Figure 1A](#fig1){ref-type="fig"}) or Fba1 (1.000.000 molecules/cell) ([Figure 1---figure supplement 1B](#fig1s1){ref-type="fig"}).

B\) Our new results demonstrate that at the onset of starvation, GFP-Atg8 is approximately 10--20 times less abundant and almost not detectable when directly compared to Mup1-GFP ([Figure 1A](#fig1){ref-type="fig"}). Both constructs are expressed from their endogenous promoters. Some Atg8 is transported into the vacuole about 2-3 hours after starvation ([Figure 1A](#fig1){ref-type="fig"}) and overall Atg8 protein levels strongly increase to enhance autophagy during starvation ([Figure 1A](#fig1){ref-type="fig"}, [Figure 1---figure supplement 1A](#fig1s1){ref-type="fig"}), Kirisako, T. 1999 JCB). In contrast Mup1-GFP and other membrane proteins (e.g.: Can1, Ste2, Fur4) are almost completely degraded after 3 hours of starvation ([Figure 1, 3](#fig1 fig3){ref-type="fig"}).

C\) These findings are also consistent with the idea that higher Atg8 protein levels allow to grow larger phagophores that would engulf increasing amounts of bulk cytoplasm (Xie Z. et al. 2008, MBoC; Abelovich H. et al. 2000, JCB).

D\) This induction of the autophagic machinery is also reflected by our quantitative proteomic data. The protein levels of Atg8 (3.7 fold increase) and other autophagy core components such as Atg1 (3.3 fold increase), Atg3 (1.5 fold increase), Atg7 (1.4 fold increase) and Atg15 (2.5 fold induction) increase during starvation ([Figure 3](#fig3){ref-type="fig"}, Figure 3--source data 1).

E\) The protein levels of the selective autophagic cargo Ape1 strongly increase early during starvation ([Figure 4, 6](#fig4 fig6){ref-type="fig"}). Similarly, the protein levels of Ams1, another selective autophagic cargo molecule, increase during starvation. Hence early clipping of Atg8, at least in part, also indicates an increase of the Atg19\> dependent biosynthetic delivery of pApe1 and pAms1 to the vacuole alongside bulk autophagy (Scott et al. 2001 Mol. Cell; Sawa-Makarska J,. Nat. Cell. Biol. 2014).

F\) All of this is consistent with our results presented in [Figure 1](#fig1){ref-type="fig"}. Even highly abundant autophagy substrates such as two different ribosomal subunits (Rps2 and Rpl25) are not immediately captured by autophagy and only efficiently delivered into vacuoles upon extended periods of starvation. Similar results were obtained using Fba1-GFP, which is one of the most abundant cytoplasmic proteins (app. 1.000.000 molecules / cell; Ghaemmaghami S, Nature 2003) ([Figure 1---figure supplement 1B](#fig1s1){ref-type="fig"}).

G\) Finally our analysis of amino acids levels during starvation demonstrates that the MVB pathway provides amino acids prior to autophagy ([Figure 2A](#fig2){ref-type="fig"}, see below).

Taken together, all our data support the idea that the MVB pathway and autophagy contribute sequentially to cell survival during nutrient limitation. Selective protein degradation pathways (UPS and MVB pathway) bridge the gap in amino acid recycling before an efficient autophagic response develops.

*2) It is also essential to show that the amino acid pool is indeed reduced in* vps4*∆ cells during early starvation. It was previously shown that the amino acid levels are reduced in autophagy mutants compared to wild-type cells at as early as 3h after starvation (Onodera and Ohsumi, JBC 2005). A similar experiment should be performed using MVB, autophagy, and double mutant cells, which will provide important information on relative contributions of these two pathways, in terms of both time and quantity, to the amino acid pool during starvation*.

We have measured free amino acid levels two and four hours after starvation in WT cells, ESCRT mutants (*vps4*), autophagy mutants (*atg8*) and the double mutant (*vps4*, *atg8*) ([Figure 2A](#fig2){ref-type="fig"}). Under rich growth conditions the amino acid levels of WT cells, ESCRT mutants, autophagy mutants and the double mutants are comparable. Already two hours after starvation the levels of free amino acids were lower in ESCRT mutants when compared to WT cells or autophagy mutants. The double mutant always showed the strongest reduction in amino acid levels ([Figure 2A](#fig2){ref-type="fig"}).

*3) Although the phenotype of* vps4*∆ cells suggests that starvation-induced cargo degradation in the MVBs is important to supply amino acids for synthesis of vacuolar enzymes, it is still possible that, in* vps4*∆ cells, delivery of hydrolases to the vacuole is defective, which affects the vacuolar function independently of amino acid supply. These two possibilities are not clearly distinguished. In particular, the data shown in* [*Figures 4A, 4B, and 6B*](#fig4 fig6){ref-type="fig"} *suggest that there may be a defect in the vacuolar function even in growing conditions or during a very short starvation period in* vps4*∆ cells. This needs to be further clarified to support the authors\' main conclusion*.

The graph in [Figure 4A](#fig4){ref-type="fig"} displays the starvation-induced up-regulation of vacuolar hydrolases in WT and ESCRT mutants. The results show that ESCRT mutants cannot efficiently upregulate vacuolar hydrolases during starvation. Yet, under rich conditions, the total protein levels of the vacuolar master peptidase Pep4 were only marginally decreased in ESCRT mutant cells ([Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}). Consistently under rich and starvation conditions, pPho8, which reaches the vacuole via the AP3 pathway, efficiently matured into mPho8 in WT and ESCRT mutants in a Pep4 dependent manner. pPho8 accumulated in *pep4∆, prb1∆, prc1∆* mutants but not in ESCRT mutants; [Figure 4B](#fig4){ref-type="fig"}, lanes 1-5. Yet, the subsequent starvation-induced processing of mPho8 into sPho8 is strongly hampered in ESCRT mutants ([Figure 4B](#fig4){ref-type="fig"} and [Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}).

While there is certainly a subtle maturation defect of Ape1 in ESCRT mutants, not only pApe1 but also mApe1 protein levels are increased under rich conditions, so that overall Ape1 activity is compensated for ([Figure 6B](#fig6){ref-type="fig"}). This is in part also due to higher mRNA levels of Ape1 (and also Prb1) under rich conditions, which we determined in separate gene-expression profiling experiment to compare WT cells and ESCRT mutants. Similarly, Atg8 protein ([Figure 6A](#fig6){ref-type="fig"}) and mRNA levels are increased in ESCRT mutants. None of these results suggest a strong defect in vacuolar function under rich conditions. The results are more consistent with a partial and relatively minor sorting defect of vacuolar hydrolases.

In addition, we now specifically rescued the partial sorting defects of vacuolar hydrolases in ESCRT mutants by over-expression of Vps10 ([Figure 4---figure supplement 1B](#fig4s1){ref-type="fig"}). Vps10 is the sorting receptor for multiple vacuolar hydrolases. Consistent with previous reports (Babst et al., Embo J., 1998), Vps10 over-expression rescued the partial mis-sorting of vacuolar hydrolases (CPY/Prc1, Pep4) in ESCRT mutants (*vps4*) and hence restored the catabolic activity of vacuoles to \>80% of WT levels ([Figure 4D](#fig4){ref-type="fig"} and [Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}) but not the degradation of membrane proteins. Even though the catabolic activity of ESCRT mutants was restored under rich conditions, ESCRT mutants still failed to boost the catabolic activity of their vacuoles under starvation, and subsequently stopped to grow and failed to enter quiescence ([Figure 7---figure supplement 1](#fig7s1){ref-type="fig"}). Moreover, loss of Vps10 caused a strong sorting defect for vacuolar hydrolases (but not a complete block), without affecting membrane protein delivery into vacuoles via the MVB pathway ([Figure 4---figure supplement 1B](#fig4s1){ref-type="fig"}) (Whyte, JR. Curr. Biol. 2001). Yet, *vps10* single mutants had more modest effects on cell growth during starvation than loss of the ESCRT pathway, which could be complemented by overexpression of Vps10 ([Figure 7---figure supplement 1](#fig7s1){ref-type="fig"}). These findings reject a mere role of the MVB pathway for vacuolar sorting of hydrolases, and instead support the idea that selective membrane protein degradation significantly contributes to maintaining cell homeostasis during starvation.

*4) The data in* [*Figure 5E*](#fig5){ref-type="fig"} *should be quantified because, as the authors mention in Discussion, several papers have reported that the ESCRT machinery is important for a late step of autophagy (i.e. autolysosome formation)*.

Quantification of the localization of pHluorin-Atg8 in \>120 cells demonstrates that pHluorin-Atg8 fluorescence was quenched in the vacuoles of most WT cells and ESCRT (\>90%) mutants ([Figure 5F](#fig5){ref-type="fig"}). In contrast, pHluorin-Atg8 remained fluorescent in the vacuoles of \>90% of *pep4∆, prb1∆, prc1∆* and *vma4∆* mutant cells.

*5) The authors mention that selected membrane proteins are degraded during starvation. The methionine permease Mup1 is certainly degraded very efficiently (*[*Figure 1B*](#fig1){ref-type="fig"}*). Do they also have examples of membrane proteins that are unaffected? Can they discuss how the cell can distinguish which proteins are degraded selectively*?

The general amino acid permease Gap1 is strongly induced during starvation and transported to the cell surface while other amino acid permeases such as Mup1 or Can1 are endocytosed and degraded ([Figure 3](#fig3){ref-type="fig"}, Figure 3---figure supplement 2B, C). Interestingly the up -regulation of Gap1 appears to be temporally coordinated with the down-regulation of other membrane proteins and is stronger in WT as compared to ESCRT mutants, consistent with overall reduced proteome remodeling. In addition to Gap1, our quantitative proteomics data also suggest that Mep2 is upregulated and that the total levels of Pma1 do not change significantly ([Figure 3A](#fig3){ref-type="fig"}, Figure 3--figure supplement 2A, Figure 3--source data 2). After some time a portion of Gap1-GFP and Pma1-GFP is also transported to the vacuole by steady state turnover in quiescent cells, but the majority of these membrane proteins remains at the cell surface.

How growing cells or starving cells select membrane proteins for degradation is currently not entirely clear but probably involves signal transduction-mediated regulation (TORC1/Npr1) of specific adaptors for the HECT-type ubiquitin ligase RSP5. We have included this possibility in the Discussion. In addition we have new data that suggest that distinct ubiquitination sites on Mup1 are required for starvation- vs. ligand-induced endocytosis, but this would go beyond the scope of this study.

*6) In the same experiment, do the authors use Met/Cys free medium when they label cells under nutrient rich conditions? Otherwise, relative activity of 35S-Met/Cys would be different between the rich and starved conditions*.

We have used Met/Cys free medium for all our experiments and described the media in the Material and methods section.

*7) The ESCRT-mediated MVB formation would be important for degradation of not only membrane proteins but also cytosolic proteins that are engulfed inside intraluminal vesicles. This is a reminiscence of microautophagy. Indeed, it was reported by Cuervo\'s lab that MBV formation contributes to the degradation of cytosolic proteins (Sahu et al. Dev Cell. 2011, 20:131). This possibility should also be discussed*.

Thank you for pointing this out. We have changed the text in the Discussion accordingly: **"**Interestingly, the ESCRT machinery has recently been described to contribute to selective micro-autophagy on late endosomes in mammalian cells ([@bib58]). Hence, ESCRT-dependent catabolic pathways may not be limited to membrane proteins, although our study did not experimentally address this possibility."

\[Editors' note: the manuscript was accepted after being submitted for further consideration by the original reviewers.\]

In the past 12 weeks we have experimentally addressed and clarified all concerns of the reviewers. The detailed answers are attached on the following pages.

Summary of key experiments:

a\) We thoroughly analyzed the onset of autophagy using GFP-Atg8 in relation to other selective and non-selective autophagic cargoes as well as MVB cargo and we discuss their temporal relationships. Our results are consistent with the essential role of autophagy for amino acid recycling later during starvation (see point b).

b\) We have improved the amino acid analysis. In WT cells, amino acid levels decrease to about 50% during the first 2 hours of starvation and fully recover in an autophagy-dependent manner at around 4 hours of starvation. Most importantly, our analysis also shows that the MVB pathway is essential to maintain free intracellular amino acid pools in the first 2 hours of starvation.

c\) We have measured the amino acid pool, protein synthesis and autophagic activity in *vps4∆* mutants that overexpress Vps10. The results are consistent with the idea that selective membrane protein degradation via the MVB pathway, rather than the mere sorting of vacuolar hydrolases, is essential to maintain sufficient free intracellular amino acids to uphold protein synthesis for proteome remodeling early during starvation.

To our mind these results further strengthen our model: early during starvation, the degradation of membrane proteins via the MVB pathway is required to maintain a critical intracellular amino acid pool for the synthesis of new proteins, including vacuolar hydrolases to boost the catabolic activity of vacuoles. This primes vacuoles for the efficient degradation of bulk cellular material via autophagy, which is essential to enter a stable G1/G0-arrested, quiescent state. Thus, a coordinated action of the MVB pathway and autophagy is key to survive extended periods of nutrient limitation.

*1) The data presented on GFP-Atg8n in new* [*Figure 1A*](#fig1){ref-type="fig"} *together with* [*Figure 1---figure supplement 1A*](#fig1s1){ref-type="fig"} *shows a relative rapid induction in autophagy activity during starvation. Thus, it is inappropriate to suggest* "*the degradation of cytoplasmic contents via autophagy passed through an initial lag phase and peaked later during starvation, when compared to membrane protein degradation via the MVB pathway (*[*Figure 1A, B*](#fig1){ref-type="fig"}*)*"*. The time at which degradation of a protein peaks depends not only on the degradation activity, but also its rate of synthesis and total expression level. The authors have used selective cargos to monitor MVB pathway, it is also important to use selective cargos (e.g. GFP-Atg8) to monitor autophagy and discuss their temporal relationship and relative contributions. The response of the authors to this concern is not acceptable, for example, the expression levels of Atgs are not direct indicators of autophagic activity*.

We thank the reviewers for critically pointing out that our statement 'autophagy passed through a lag phase ' was mis-leading, especially since we never intended to argue that the MVB pathway and autophagy are sequentially activated. Apparently, our intended message, namely that the MVB pathway has an earlier impact on the cellular amino acid levels when compared to autophagy, was not clearly put into words. To avoid this, we have now replaced 'sequential action*'* with 'coordinated action' throughout the manuscript and also in the title.

In addition, we have performed the recommended experiments and used GFP-Atg8 as an additional marker to determine the vacuolar delivery of all selective and non-selective autophagosomes as well as cvt-vesicles ([Figure 1A](#fig1){ref-type="fig"}). Small amounts of free GFP released from GFP-Atg8 inside vacuoles could be readily detected by western blot analysis 1 hour after the onset of starvation and the levels of free GFP strongly increased at 3 hours of starvation ([Figure 1A](#fig1){ref-type="fig"}). These findings are consistent with the de novo synthesis and the overall increase of endogenous Atg8 during starvation ([Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}) as observed earlier by the Ohsumi lab ([@bib27]). Work from the Klionsky lab ([@bib1]; [@bib77]) further demonstrated that this increase in Atg8 protein levels was required for the formation of larger (but not more) autophagosomes that could capture larger volumes of cytoplasm during ongoing starvation. Our results showing the early degradation of GFP-Atg8 and the continuous increase in autophagic degradation of highly abundant selective (Rps2, Rpl25) ([Figure 1A](#fig1){ref-type="fig"}) and non-selective (Fba1, Pho8 60) ([Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}) cargoes throughout starvation are fully compatible with this model. Furthermore, our findings are consistent with the essential role of autophagy for amino acid recycling later during starvation (see point b and [Figure 2](#fig2){ref-type="fig"}).

In summary our results suggest that both autophagy and starvation induced-endocytosis are simultaneously activated early during starvation (probably by inactivation of TORC1). Autophagy continuously delivers ever-increasing amounts of cytoplasm into vacuoles and remains active during extended periods of starvation, whereas starvation-induced degradation of membrane proteins via the MVB pathway appears to be completed relatively early (within the first 4 hours of starvation). Our analysis of intracellular amino acid recycling supports this idea and demonstrates that autophagy is essential for amino acid recycling later during starvation, whereas the MVB pathway appears to be more important to maintain intracellular amino acid levels early during starvation (see reply to concern 2 and [Figure 2](#fig2){ref-type="fig"}).

*2) The authors show increased amino acid levels in wild-type cells during starvation. This is puzzling and inconsistent with a previous report (Onodera and Ohsumi, JBC 2005), where the amino acid concentration was dramatically reduced even in wild-type cells and more profoundly in autophagy mutant cells. The authors do not discuss this apparent discrepancy. This should be addressed experimentally*.

This point was well taken and we now managed to rapidly harvest yeast cells in less than one 1 minute by filtration and thereby avoided starvation conditions during sample preparation. We measured the intracellular levels of 18 different amino acids in WT cells, MVB (*vps4)* or autophagy (*atg8*) mutants or double mutants (*vps4, atg8*) by HPLC. 1 hour after starvation, the total free amino acid pool decreased to similar levels in WT cells and all mutant strains ([Figure 2A, B](#fig2){ref-type="fig"}). In WT cells the levels of most amino acids continued to decrease for another hour to about 50% of the levels measured under rich conditions. At around 4 hours of starvation the overall levels of amino acids almost fully recovered in an autophagy-dependent manner. These results are at large consistent with previous findings ([@bib49]), where a decrease to approximately 30% of intracellular amino acid levels was detected during the first two hours of starvation and autophagy was required for the partial recovery of amino acid levels from 3 to 6 hours of starvation. We also discuss these differences in the text.

Importantly, our amino acid analysis from *vps4* mutants showed that the MVB pathway essentially contributed to maintain the overall levels of free intracellular amino acids at 2 hours of starvation. At this time point, the levels of 14 individual amino acids were lower in *vps4* mutants when compared to WT cells or autophagy mutants and failed to recover during extended starvation ([Figure 2A, B](#fig2){ref-type="fig"}).

These results showed that the MVB pathway was essential to maintain the levels of most free intracellular amino acids in the first 2 hours of starvation, while autophagy was essential to restore intracellular amino acids later during starvation.

*3) The data in* [*Figure 4B*](#fig4){ref-type="fig"} *reveals a clear defect in processing of mPho8 into sPho8 even under growing conditions. This indicates a defect in vacuolar hydrolytic activity. Indeed, the authors describe a partial sorting defects of vacuolar hydrolases in ESCRT mutants and they have tried to rescue them by over expression of Vps10 (*[*Figure 4D*](#fig4){ref-type="fig"}*). However, this was performed only for data shown in* [*Figure 4D*](#fig4){ref-type="fig"} *and* [*Figure 7---figure supplement 1*](#fig7s1){ref-type="fig"}*. Vps10 rescue experiments should be included in other experiments that measure the amino acid pool (*[*Figure 2A*](#fig2){ref-type="fig"}*), protein synthesis (*[*Figure 2B*](#fig2){ref-type="fig"}*), and autophagic activity (*[*Figure 6C*](#fig6){ref-type="fig"}*). These are more relevant to the potential function of the MVB pathway as an amino acid generator. It is also unclear why over expression of Vps10 cannot rescue the pho8 activity under starvation conditions. Taken together, it is likely that defects in protein turnover observed in ESCRT mutants are due to a combination of defects in sorting of vacuolar enzymes and generation of amino acids*.

Vps10 over-expression in *vps4* mutants rescued the partial sorting defects for vacuolar hydrolases but not membrane protein degradation. Consistently, Vps10 over-expression almost completely restored the catabolic activity of vacuoles under rich conditions ([Figure 5C](#fig5){ref-type="fig"}, [Figure 5---figure supplement 1](#fig5s1){ref-type="fig"}). Our new experiments further demonstrate that *vps4* mutants overexpressing Vps10 still failed to maintain intracellular amino acid levels and protein synthesis during starvation ([Figure 5---figure supplement 1B, C](#fig5s1){ref-type="fig"}; Figure 5---figure supplement 2A, B). Therefore *vps4* mutants over-expressing Vps10, similar to *vps4* mutants alone, could not efficiently up-regulate the de novo synthesis of vacuolar hydrolases and thereby boost the catabolic activity of vacuoles ([Figure 5A](#fig5){ref-type="fig"}), which in turn prevented the efficient proteolytic conversion from mPho8 into sPho8 ([Figure 5B, D](#fig5){ref-type="fig"}). In consequence autophagic cargo (Rpl25-GFP) was not efficiently degraded ([Figure 6---figure supplement 1B](#fig6s1){ref-type="fig"}). In addition, we determined the subcellular localization of the vacuolar master protease Pep4-GFP and Prc1/CPY-RFP in ESCRT mutants under rich growth or starvation using live cell fluorescence microscopy. Pep4-GFP localized to the class E compartment in ESCRT mutants, but a large fraction of Pep4-GFP was also delivered into the lumen of the vacuole ([Figure 5](#fig5){ref-type="fig"}). Similar results were obtained for Prc1/CPY-RFP ([Figure 5---figure supplement 1](#fig5s1){ref-type="fig"}). In the lumen of the vacuole the hydrolases matured and were catabolically active ([Figure 3E, 5B](#fig3 fig5){ref-type="fig"}). Most likely therefore ESCRT mutants were never isolated as *pep* mutants, unlike other endo-lysosomal trafficking complexes such as HOPS, CORVET or retromer ([@bib24], Genetics).

Hence the striking cellular defects of ESCRT mutants during starvation can be mostly attributed to their block in membrane protein degradation, rather than the mere and rather partial sorting defects for vacuolar hydrolases.

[^1]: These authors contributed equally to this work.
